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ABSTRACT
Scintillation materials are in great demand for radiation detection
applications. In this dissertation work, a series of new metal halide scintillation
materials are presented. A comprehensive procedure of candidate scintillator
screening, single crystal growth, scintillation properties characterizations, and
scintillation mechanism investigations are established. The potential candidate
materials are firstly synthesized by melt-freeze method to form polycrystalline.
The scintillation properties of the polycrystalline specimen are characterized to
select the most promising scintillators. The selected scintillators are grown into
single crystals. Protocols including raw materials purification, materials premixing, ampoule design, and furnace manipulation are developed to improve the
scintillators’ performance.
Cerium-doped ternary and quaternary metal halide scintillators are
proposed and studied systematically. Among them, the single crystal growth,
scintillation

properties,

dopant

concentration

optimization,

luminescence

spectroscopic analyses, and scintillation mechanisms of Ce-doped Cs3LaCl6
[cesium

lanthanum

chloride],

Cs3LaBr6

[cesium

lanthanum

bromide],

Cs2NaLaBr3I3 [cesium sodium lanthanum bromide iodide], and Cs2NaYBr3I3
[cesium sodium yttrium bromide iodide] are investigated. Both Ce-doped
Cs3LaCl6 and Cs3LaBr6 have moderate light yield between 20,000 to 35,000
photons per MeV with optimized Ce concentration. They have stable
photoluminescence and radioluminescence excitation/emission in a wide range
vi

of temperature from 40 K [kelvin] to 500 K, and this allows them to be good
candidates for high temperature radiation detection applications, such as oil well
logging. Mixed-anion can be a useful approach to engineer the halide scintillators
for higher light yield and better energy resolution, which is proven by new
elpasolite scintillators Ce-doped Cs2NaLaBr3I3 and Cs2NaYBr3I3. They have
superior energy resolution and higher light yield compared with the un-mixed
elpasolite scintillators. More interestingly, the undoped mixed-anion crystals also
have scintillation response. This indicates alternative scintillation process in
these crystals other than the direct luminescence from the dopant.
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PREFACE

The only real voyage of discovery consists not in seeking new landscapes,
but in having new eyes; in seeing the universe through the eyes of another, one
hundred others - in seeing the hundred universes that each of them sees. - “In
Search of Lost Time” by Marcel Proust.
In this 13.8 billions years old universe, only a whisper of things can be
seen by living creatures on earth, and for human being, only the light between
390 nm and 700 nm is visible.
Every second on this planet, particles travel from galaxies far away,
conveying valuable information; ancient debris were buried underground, holding
secrets; crude oil the blood of civilization, are flowing unseen; 14 millions of
patients, are suffering from the uncontrolled cell growth.
Radiation detectors, born a century ago, assist us seeing through the
universe, revealing the underground history, hunting the hidden oil, and guarding
our health. They are the new eyes for human being, and shine light into the dark
forest.
Endeavors are made by generations in seeking better detectors, and
insightful thoughts are arising to understand the whole story. Being a small part
of the endeavors is an exciting journey.
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CHAPTER I

INTRODUCTION AND GENERAL INFORMATION
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1.1 Scintillator
A scintillator is able to detect the radiation. It can convert the kinetic
energy of charged particles into detectable light with high efficiency. In 1895,
Roentgen discovered x-radiation and the fact that x-rays induce scintillation in
barium platinocyanide. The scintillator is used for the detection and spectroscopy
of a wide range of radiations, including gamma ray, X-ray, Beta, neutron and
other charged particles. Scintillators can be divided into organic and inorganic
scintillators. Among the inorganic scintillators, they can be further divided into
oxide, metal halide, ceramic, glass, and gas scintillators.
An ideal scintillator should process the following properties [1]:
1) It is efficient to convert the radiation energy into detectable light.
2) The light yield is proportional to the deposited energy in a wide range.
3) The material of the scintillator is transparent to its own emission light.
4) The decay time is fast enough to generate fast signal pulses.
5) The scintillator has good mechanical properties to manufacture.
6) The refractive index should be comparable to the window materials of
light sensors, in order to provide efficient coupling for scintillation light detection.
7) The scintillator itself should have least background radiation.
8) The scintillator should be able to operate at room temperature without
quenching.
Fig. 1.1 is a simplified illustration of an ideal scintillator, which has high
light yield, fast decay time, and high density. Such an ideal scintillator has yet to
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be discovered. Based on different applications, there is always a compromise for
a particular scintillator. Generally, organic scintillators have fast decay time but
low light yield. The inorganic scintillator could have high light yield but some
cases slow response. The high atomic number inorganic scintillators with high
density are widely used for gamma-ray spectroscopy, whereas the organics are
preferred for beta spectroscopy and fast neutron detection because of their large
cross-section area for neutron.

Figure 1.1. The simplified illustration of an ideal scintillator.
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1.2 Scintillation Process
1.2.1 Scintillation Process in Organics
In most organic scintillators, the scintillation process is based on organic
molecules with π-electron structure. With irradiation, the electrons can be excited
from ground state to the excited states. The energy gap between ground state
and excite state is 3-4 eV. The electrons then de-excite by releasing
fluorescence photons in a few nanosecond.
1.2.2 Scintillation Process in Inorganics
The scintillation process can be divided into 3 basic stages:
1) Ionization: absorption of ionization radiation and creation of primary
electrons and holes via photoelectric absorption, Compton scattering and pair
production. Using gamma ray as the incident radiation, the photoelectric
absorption is dominant for lower energy gamma ray (less than 100 keV), where
the total energy of an incident gamma ray is absorbed by an atomic electron. For
Compton scattering, the incident gamma ray energy is partially transferred to the
electron, and then the gamma ray is scattered from its initial track with rest of the
energy. When the gamma ray energy is above 2m0C2 (1.02 MeV), the gamma
ray could be absorbed and results in a spontaneous emission of a pair of an
electron and a positron in opposite direction with identical energy of 522 keV,
which is defined as pair production.
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2) Relaxation and migration: the electron-electron relaxation can produce
numerous secondary electrons, holes, photons and plasmas. The thermalization
of secondary electrons can create electron-hole pairs. Then the energy transfer
occurs from electron-hole pair to the luminescence center.
3) Emission: relaxation of luminescence centers and emission of
detectable photons. In many scintillators, the thermally activated non-radiative
transitions are alternate processes [2].
The scintillation efficiency be described as Nph = βSQ, where β = Eγ / Eeh,
Eγ is the ionization particle energy, Eeh ≈ 2.4 Eg (Eg is the band gap energy), S is
the energy transfer efficiency, and Q is the luminescence center efficiency. A
graphic scheme in Fig. 1.2 shows the general scintillation process of inorganic
scintillators.

Figure 1.2. General scheme of scintillation process [3].
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There are many types of scintillation process existing in the inorganic
scintillators [2, 3], including:
1)

Luminescent ion promptly captures electron, hole diffuses to form an
excited state (CsI:Tl).

2)

Luminescent ion promptly capture hole then an electron to form an excited
state (Lu2SiO5:Ce).

3)

Hole and electron combine to form a self-trapped exciton that radiates
(NaI, CsI).

4)

Hole and electron combine to form a self-trapped exciton that transfers its
energy to a luminescent ion (LaBr3:Ce).

5)

Self-activated: luminescent ion is a major constituent of the crystal
(Bi4Ge3O12, Bi4Si3O12, CeBr3).

6)

Bound exciton: electron plus a hole bound to an isoelectronic impurity
(CdS:Te).

7)

Charge exchange: ionization electron on the cation combines with a hole
on the anion (CaWO4, PbWO4).

8)

Core-valence: valence electron drops into hole in upper core band (BaF2).

9)

Electron-hole recombination in semiconductors (PbI2, HgI2) [4].

1.3 Luminescence Center
Electronic transitions between the electron configurations 4fn-15d and 4fn of
rare earth ions occur with high probabilities because they are parity-allowed [5].
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The resultant fast-decaying luminescence can be used for phosphors and
scintillators. The most intensely studied luminescence centers are Ce3+ and Eu2+.
The luminescence transition in Ce3+ is 5d (2D) ->4f (2F), and the transition
in Eu2+ is described as 4f6(7F) 5d -> 4f6(7F) 4f, which is 4f7(8S). However, the
transition probability of 5d ->4f of Eu2+ is reduced by a factor of 1/49, since the
initial state 4f6-core has forty-nine alternatives of 7F as the final state [5].
Therefore the luminescence lifetime of Eu2+ is several tens longer than Ce3+ in
the same host.
Generally the Ce3+ shows a fast dipole allowed luminescence with 10-50
ns decay time [9]. The emission spectrum of Ce3+ is usually broad with
unresolved emission band, especially the 2F5/2 and 2F7/2 ground-state multiplet
often results in a clear split in the emission spectra. Excitation/absorption spectra
can be broad and unresolved at room temperature with high Ce3+ doping
concentration.

1.4 Common Inorganic Scintillators
CaWO4 and ZnS were used as the first generations of scintillation
materials, following the discovery of X-ray [6]. After nearly half century, the new
era of inorganic scintillators started, marked by the development of NaI:Tl in 1948
[7]. Since then, thousands of new inorganic scintillators are developed for various
applications. Fig. 1.3 is a historical overview of some important inorganic
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scintillators [8]. Table 1.1 is a list of selected common inorganic scintillators with
basic properties.

Figure 1.3. Historic overview of the discovery of important inorganic scintillators.
(The figure is revised from [8]. Reprinted with permission from Elsevier).
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Table 1.1. Properties of common inorganic scintillators [1]
Density

Emission

Refractive

Decay time

Light yield

(g/cm3)

peak (nm)

index

(ns)

(ph/MeV)

Metal Halide
NaI:Tl

3.67

415

1.85

230

38,000

SrI2: Eu [9]

4.6

435

1.85

1200

85,000

BaF2

4.89

210, 310

1.56

6, 630

1400

LaBr3:Ce

5.29

380

2.05

26

70,000

CsBa2I5:Eu [10]

4.9

435

383, 1500, 9900

10,0000

Cs2LiYCl6:Ce [11]

3.31

370

600, 6000

21,600

1.81
Oxide

BGO

7.13

480

2.15

300

8200

LSO: Ce

7.4

420

1.82

42

30,000

YAP: Ce

5.37

370

1.95

27

18,000

LuAP: Ce

8.4

365

1.94

17

17,000

CdWO4

7.9

470

2.3

1100, 14500

15,000

1.5 Applications of Scintillators
As radiation detectors, scintillators have been widely used in many
applications:
1)

Nuclear medical imaging: Scintillators can convert the incident X-

ray and gamma ray which conveying tomographic information from the patients
to UV-visible photons. Coupling with photon-detectors such as Photomultiplier
tube (PMT) and Photodiode, the photon signal is processed to 2D/3D images,
which can help medical diagnosis. Common nuclear imaging facilities include
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Positron Emission Tomography (PET), Single-photon Emission Computed
Tomography (SPECT), and X-ray Computed Tomography (CT).
2)

Oil well logging: In oil well logging, scintillators can be used to

characterize the natural radioactivity of the formation. They can also be used for
bulk density measurement, because the gamma ray attenuation is depending on
the density of the scattering materials. Scintillators with superior energy
resolution have been chosen for spectroscopic analysis, such as inelastic
neutron-gamma spectroscopy for oil-water saturation, and capture spectroscopy
for geochemistry elemental analysis.
3)

Homeland security: Scintillator-equipped device can be used for

vehicular and pedestrian portal monitor, including nuclear spectroscopic
analyzers, radioactivity dosimeters/counters, as well as directional detectors.
4)

High-energy particle physics: The scintillators are used in

electromagnetic calorimeters and assemblies of accelerators, such as Large
Electron-Positron (LEP) and Large Hadron Collider (LHC) at CERN.
5)

Astronomy: Scintillators are used as space-based gamma-ray

detectors for high-energy particles from outer space.
No scintillator can meet the requirements of all the above applications. In
other words, one needs to select the proper scintillator for a particular
application.
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Table 1.2. Scintillator requirements in different applications
High
density
Medical imaging
- PET
Medical imaging
– CT
Medical imaging
-SPECT
Oil well logging
High energy
physic
Homeland
Security
Astronomy

++

High
atomic
number
++

High
light
yield
+

Good
energy
resolution

+

+
+++

+
++

+

+

++

++

Low
afterglow

Short
decay
time
+++

Low
cost

Good
thermal
response

+++

++

++

+

+

+++
+++
+++

+++

+++
++
++

+

++

Note: The number of “+” represents the importance of the property to a particular
application.

1.6 Purpose of Work
The purpose of this dissertation work is to systematically discover new
inorganic scintillators and characterize their scintillation, physical, and chemical
properties, establish a comprehensive procedure from scintillator fabrication,
performance evaluation, to scintillation mechanism understanding, in order to
provide optimized new scintillators for next-generation radiation detection
applications.
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1.6.1 New Scintillators Discovery and Crystal Growth
This work is aiming to develop and optimize a full procedure of metal
halide scintillator discovery, including raw materials handling and fast synthesis.
Most of the metal halide raw materials are hygroscopic, and keeping the
materials anhydrous is a key factor to produce high quality crystals. Therefore,
the proper method of hygroscopic compounds synthesis and drying procedure
will be addressed.
On the other hand, after fast-synthesis screening of promising compounds
as scintillators, bulk single crystals are grown for practical characterizations and
applications. The single crystal growth techniques will be discussed, including
pre-growth materials treatment, ampoule design, and high-temperature furnace
maneuver.
1.6.2 Comprehensive Study of Ce-doped Ternary and Quandary
Scintillators and Their Mechanisms
New scintillators of Ce-doped Cs3LaX6 (X=Cl, Br) and Cs2NaREBr3I3
(RE=La, Y) are discovered at Scintillation Materials Research Center (SMRC),
and they show great potential for gamma-ray radiation detection. Therefore, a full
scope of their scintillation properties, and investigation of the scintillation
mechanisms are necessary to optimize the scintillator for practical applications.
More importantly, the understanding of their scintillation mechanisms can lead to
in-depth insight of a variety of similar materials, which in verse can guide the
scintillator discovery and optimization.
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1.7 Preview of Dissertation Structure
The dissertation work can be divided into five major parts:
1)

Literature overview of candidate materials: ternary nesohalides family, and

quaternary elpasolite family. The physical, chemical, and structural properties will
be discussed - Chapter 2.1.
2)

Description of the characterization methods and relevant techniques for a

typical inorganic scintillator - Chapter 2.2.
3)

Discovery, crystal growth, and scintillation properties of Cs3LaX6:Ce

(X=Cl, Br) - Chapter 3.
4)

Temperature dependent spectroscopic study of Cs3LaX6:Ce (X=Cl, Br) -

Chapter 4.
5)

Discovery, crystal growth, and scintillation properties of mixed-anion

Cs2NaREBr6-xI6x (RE=La, Y, 0<x<6) - Chapter 5.
6)

Scintillation mechanism, band structure calculation, and spectroscopic

analysis of mixed-anion Cs2NaREBr6-xI6x (RE=La, Y, 0<x<6) - Chapter 6.
7)

Summary and outlook of the dissertation work - Chapter 7.
The core research results in this dissertation are composed of four

research papers. Three of them have been published in peer-reviewed journals
(Chapter 3, 4, 5). One of them will be submitted to a peer-reviewed journal
(Chapter 6).
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials
2.1.1 Overview of Metal Halides
The metal halide compounds are formed between metal elements and
halogen elements. The metal elements include alkali metals, alkaline metals,
lanthanides metals, and transition metals. The halogen elements refer to fluorine,
chlorine, bromine, and iodide. Radioactive and toxic elements are generally not
considered. The chemical bonding between the elements can be either ionic or
covalent.
In past decades, metal halide compounds have been widely used as host
materials for scintillators. The metal halide compound normally has a bandgap
between 3 and 7 eV, increasing from iodide halides to fluoride halides. The
bandgap is suitable for typical luminescence centers, such as Ce3+, Eu2+, Eu3+,
Pr3+, Tl+, Nd3+ etc. The host materials are transparent to the detectable emission
wavelength (300 -700 nm), which allows scintillation light to escape.
Alkali metal halides, which are formed by one alkali element (Li, Na, K,
Rb, and Cs) and one halogen element, have been intensely studied as
scintillation host materials, including NaI:Tl [7] and CsI:Tl [12]. Alkaline metal
halides, which are formed by one alkaline element (Mg, Ca, Sr, and Ba) and one
halogen element, are proposed as well. One of the alkaline halide SrI2:Eu [10]
shows excellent scintillation properties, and have the potential to be the
candidate material for next generation radiation detectors. Lanthanide metal
halides such as LaBr3:Ce [13] and CeBr3 [14] are reported a decade ago, and
15

their superior fast time response shines light to the timing-based detection
applications.
Other than the singular-system compounds, binary-system halides have
also been investigated, which are mixtures of two singular-system compounds.
CsSrI3:Eu [15], K2LaBr5:Ce [16] and CsCe2Cl7:Ce [17] are some of the good
scintillators of this system. As endeavor goes on in the scintillator discovery
journey, multiple promising scintillators in the ternary-system are as well
reported, including Cs2LiYCl6:Ce [18], Cs2LiLaBr6:Ce [19], Cs2NaLaI6:Ce [20] etc.
It is believed besides all the existing halide scintillators, there are more potential
scintillators to be discovered.
Except for fluoride halides, nearly all other halides are sensitive to
moisture, which means they can absorb moisture in the air and form hydrates.
This characteristic is defined as hygroscopicity. Because of their hygroscopicity,
special care must be taken to protect the materials from moisture. In Scintillation
Materials Research Center (SMRC), a comprehensive protocol of metal halides
handling is developed:
1)

Raw materials, normally in beads or powder form, are stored in a

dry glove box (Mbraun Unilab®). The oxygen and moisture level of the dry glove
box is below 1 ppm.
2)

The raw materials weighing, hand mixing, and loading into quartz

ampoules are conducted in the same dry glove box.
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3)

The ampoule loaded with halide materials is covered with parafilm,

and quickly transited to the vacuum station. The vacuum station can pull a
vacuum up to 10-7 torr with liquid nitrogen as cold-trap.
4)

During the evacuation process, the materials under vacuum are

heated to 150- 200 °C for 12- 24 h, in order to bake out the residual moisture.
5)

The loaded quartz ampoule is sealed with a hydrogen/oxygen torch

under vacuum.
6)

The mixture of halide materials is melt-synthesized to form

polycrystalline, and then be grown into single crystals. The whole synthesis and
growth is in the ampoule under vacuum.
7)

After harvesting the crystals, they are cut and polished in the dry

glove box (LC Technology Solutions). Parafin oil is used to protect the sample
during measurement out of the dry glove box.

2.1.2 Candidate Halides System
To further discover and explore new metal halide scintillators, in this work,
the research scope is expanded to complex ternary halides system A3REX6, and
quaternary system A2BREXNX’(6-N) (0≤N≤6), where A, B are mono-valence alkali
elements including Li, Na, K, Rb and Cs. RE stands for tri-valence rare-earth
element including La, Ce, Gd, Pr and Lu. X is halogen elements including Cl, Br
and I. N is an integer number.
The RE3+ in the lattice in these two systems can be substituted by another
tri-valence luminescence cations such as Ce3+ and Pr3+, which is known to have
17

fast intrinsic decay time [21]. Therefore, these two halide systems can be used
as scintillator host matrix.
A3REX6 Compounds
The A3REX6 compounds have a high temperature phase and a low
temperature phase. The phase transition temperature is near 400 ºC [22]. The
high temperature phase above 400 ºC can be indexed as cubic (space group
Fm3m). Below 400 ºC, both chloride and bromide compounds are monoclinic
(Space group C12/c1). The low temperature crystal structures of Cs3LaCl6 and
Cs3LaBr6 are shown in Fig. 2.1. Each La3+ cation is surrounded by 6 halogen
anions and forms an octahedral structure. There are two types of La sites in the
lattice. The crystal structure is plotted by Vesta software [23].
Previous thermodynamic analyses indicate when the rare-earth element is
one of the lanthanide cations, and only the Cs3REX6 compounds can melt
congruently [24]. In the chloride, Cs3LaCl6, Cs3CeCl6, Rb3CeCl6, Rb3PrCl6 are
reported stable at ambient temperature [25]. In the bromide, Cs3LaBr6 and
Cs3CeBr6 are stable at ambient temperature. The system of NaBr-LaBr3 is found
as pure eutectic [26], Rb3LaBr6 and K3LaBr6 cannot exist at ambient temperature,
although Rb2LaBr5 and K2LaBr5 are confirmed as stable single crystal at ambient
temperature. The phase diagram of Cs3LaCl6 and Cs3LaCl6 are shown in Fig. 2.2.
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Figure 2.1. The crystal structure illustration of Cs3LaCl6 (top) and Cs3LaBr6
(bottom). Orange represents halogen anion (Cl- or Br-), navy blue represents Cs+,
and green represents La3+. The octahedral block is formed by one La3+ and six
halogen ions. The sphere radius is proportional to each element’s ionic radius.
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Figure 2.2. The phase diagrams of Cs3LaCl6 and Cs3LaBr6 [26-27].

Mixed-anion A2BREX6 Compounds
The series of A2BREX6 compounds are also named as elpasolite
halides. The discovery of elpasolite compounds in nature can be traced back to
132 years ago: K2NaAlF6 was discovered as a natural mineral compound [28].
20

Since then, elpasolite crystals draw great attention because of their highly
symmetric lattice structure, unique physical and chemical properties. The
elpasolite represents a huge group of compounds including halides, oxides,
sulfide, nitrates and cyanides [29].

Figure 2.3. The lattice structure of an ideal cubic halide elpasolite. The green
represents A+ cation, blue represents B+ cation, red represents RE3+ tri-valence
cation, and yellow represents X- halogen anion.

The halide elpasolite has a general form of A2BREX6, where A and B are
mono-valence alkali halides, RE is a tri-valence rare earth element, and X is a
halogen element. The structure of elpasolite can be viewed as a cationic-ordered
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perovskite structure (CaTiO3 type). The two octahedral BX6 and REX6 are
bonded by one X halogen ion [30]. The octahedral of BX6 and REX6 alternates
orderly.

In an ideal situation, the elpasolite structure has an Fm3m cubic

symmetry, as illustrated in Fig. 2.3. More often, various low symmetry structures
can exist depending upon the composition, temperature and pressure.
Experimental and theoretical works on the structural transitions of elpasolite
crystals have been reported [29-32]. Salje [33] suggested that internal bond
stress, external temperature, and pressure could lead to structural phase
transitions. Comprehensive studies have proved that the phase transition of
elpasolite associates with small rotation of the rigid REX6 octahedral, which
would reduce the symmetric from cubic to tetragonal or even hexagonal [29].
According to Gormezano et al. [34], the Goldsmiths tolerance factor of
elpasolite compounds can be expressed as (2.1):

t=

RA + RX
2[1 / 2(RB + RRE ) + RX ]

(2.1)

As the tolerance factor approaches 1, the crystal structure is likely to be
cubic [30, 35]. Based on expression (2.1), for the mixed-halogen system in this
work as shown in Fig. 2.4, the Goldsmiths tolerance factor is simplified with
expression (2.2):

t=

RA + RX + RX '
2[1 / 2(RB + RRE ) + RX + RX ' ]

Where RX + RX ' is the average ionic radius of mixed halogen elements.
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(2.2)

In reality, there is no ultimate theory to predict the crystal structure and
stability, the Goldsmiths factor is a preliminary way to select suitable mixed-anion
elpasolite host.

Figure 2.4. The lattice structure of an ideal cubic mixed-anion elpasolite. The
green represents A+ cation, blue represents B+ cation, red represents RE3+ trivalence cation, and yellow/purple represent the mixed X- and X’- halogen anions.

From the aspect of scintillation performance, upon all the reported unmixed elpasolite scintillators [19-20, 36-43], none of their light yield exceeds
50,000 ph/MeV, which is well below the theoretical estimated value.
Du et al. [43] pointed out that in the rare-earth halide elpasolites, the
localized d or f states of the tri-valence rare earth form the conduction band edge
states. The large distance between the tri-valence cations in the double23

perovskite structure further localizes these states, and the conduction band is
narrowed with small dispersion, thus results in inefficient carrier transportation to
the activators such as Ce3+. Therefore, to engineer the elpasolite, one can use
less electronegative anions to improve the hole transport efficiency, that is, using
halogen elements with higher atomic number. For example, partially replace Br
with I to form a mixed-anion halide elpasolite.
So far, there are no reports on mixed-anion elpasolite scintillators other
than this dissertation work and one of its related publications [44].

2.2 Characterization Techniques
2.2.1 Crystal Structure and Thermal Behavior
X-ray powder diffraction (XRD) spectra are recorded with a Bruker D2
Phaser diffractometer. The samples are ground into powder in a nitrogen-purged
dry glove box and loaded into an airtight Kapton sample holder. The X-ray tube
voltage is 30 kV and the current is 10 mA. The scan angle (two-theta) is from 10
to 70° with 0.02° steps.
A Setaram Labsys Evo Differential Scanning Calorimeter (DSC) is used to
measure the melting and crystallization points. Samples are heated and cooled
at 5 - 20°C/min under flowing argon gas. Based on measurements of standard
reference materials, the temperature accuracy is ±2°C.
The melting point and crystallization point will assist the crystal growth. In
order to grow single crystal, the thermal gradient of the solid-liquid interface need
24

to be larger than the super cooling temperature (temperature difference between
the melting and crystallization point).

2.2.2. Hygroscopicity
Hygroscopicity is measured by Dynamic Vapor Sorption (DVS) technique
(DVS Intrinsic by Particulate Systems©). The sample is put on an ultra-sensitive
balance housed in an environmental chamber to record the weight change as a
function of time with fixed temperature and humidity. The instrument
configuration is shown in Fig. 2.5.

Figure 2.5. Configuration of dynamic vapor sorption instrument [45].
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The sample is shaped to quasi-spherical with the diameter of 3±0.1 mm,
the temperature is 25±0.1°C, and the relative humidity (RH) is 40±1%. The
weight change is recorded with 0.0001 mg precision. A less hygroscopic sample
is more robust to moisture, which can better survive for long-term use [36].
In this work, the parameter MAR is used to characterize the
hygroscopicity, defined as Equation (2.3):
MAR=(M-M0)/M0/t*100%

(2.3)

Where M0 is the initial weight and M is the sample weight at time t.

2.2.3. Scintillation Properties Measurement
The samples for pulse height and decay time measurements are crackfree transparent slabs. The samples are protected with mineral oil from
degradation.
Radioluminescence
In the radioluminescence measurement, the incident X-ray is absorbed by
atoms. All electrons are excited from the valence band to the conduction band.
Electrons locate at the bottom of the conduction band while holes locate at the
top of the valance band, this happens within a short period of time (10-15 - 10-11
sec). Then the luminescence centers keep capturing the electrons and holes,
where the electron-hole recombination occurs, and the recombination results in
photon emission.
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The radioluminescence spectra are recorded by exciting the samples with
X-rays from a CMX-003 X-ray generator. The voltage and current of the X-ray
tube is 35 kV and 0.1 mA. The emission spectra are recorded with a 150 mm
focal length monochromator (PI ACTON SpectraPro SP-2155m) over a
wavelength range of 200 to 800 nm. The set-up is shown in Fig. 2.6.

Figure 2.6. The illustration of radioluminescence measurement set-up.

The radioluminescence data can reveal the energy transfer mechanism. It
can also be used to calculate the quantum efficiency of the PMT relative to the
scintillator, in order to calculate the absolute light yield of the scintillator.
Scintillation Decay
In most scintillators, the emission intensity reaches the maximum
instantaneously and then decays exponentially. The shortest decay mechanism
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is the electric dipole transition, which is in a few nanoseconds. However,
impurities and other traps can elongate the decay. The decay constant is given
by [2]:

τ=

cme λ 2
3 2
⋅ ( 2
)
2
8π ⋅ e fn n + 2

(2.4)

Where c is the speed of light, me is the effective mass of an electron, f is the
oscillator strength of the transition, 𝜆 is the emission peak, and n is the refractive
index.
The scintillation decay time is measured at room temperature with the time
correlated single photon counting technique [46]. The irradiation source is

137

Cs.

All the scintillation time curves are fitted by single, double or triple exponential
decay functions.

Figure 2.7. The configuration of scintillation decay time measurement set-up and
a typical decay profile.
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The timing requirement for scintillators varies from different applications.
For example, in medical imaging applications such as Positron Emission
Tomography (PET), short decay time is required to reduce the dead time.
Because the scintillator cannot detect another annihilation photon until it can
recover from the previous scintillation event. The configuration of scintillation
decay time setup is shown in Fig. 2.7.
Light Yield
The light yield is one of the key parameters of a scintillator. It represents
the efficiency of a scintillator to transit the absorbed radiation energy into photon
emission. Normally for ionic scintillators, the energy efficiency can be described
as:
!

η=!∙

!!!
!!

(2.5)

Where 𝛼 is the average number of photons produced by each electron-hole pair.
𝛽 is a numerical coefficient, which is 1.5 to 2. 𝜗! is the frequency of emitted
photon, and 𝐸! is the bandgap of the host.
The scintillation light yield is measured by coupling a sample to a
Hamamatsu 3177-50 photomultiplier tube (PMT) and recording the response to
gamma rays (137Cs source). A hemispherical Spectralon dome is used to reflect
the scintillation light into the PMT, and parafin oil is used to protect the sample
from degradation, as well as to provide an optical coupling between the crystal
and PMT. The PMT signal is amplified by a Canberra 2005 pre-amp and an
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Ortec 672 amplifier with a shaping time of 0.5-10 µs. A multiple channel analyzer
(Tukan 8K) is used to histogram the pulses. The setup is shown in Fig. 2.8.

Figure 2.8. Configuration of scintillation light yield measurement equipment and a
typical pulse height spectrum.

Photoluminescence Spectra
In photoluminescence, a much smaller energy (3-6 eV) is used to excite
the scintillator compared with radioluminescence. Because of the low energy, the
electrons are stimulated from ground state to excited state of the luminescence
center. Then the electrons de-excite and emit photons. The emission band can
be affected by anions, cations of the compounds, as well as the crystal field of
the host material.
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Photoluminescence spectra are measured with a Horiba Jobin Yvon
Fluorolog 3 Spectrofluorometer equipped with a 450W Xe lamp. A closed cycle
compressed helium cryostat (Advanced Research Systems, DE-202) is used to
control the temperature of the sample. The temperature ranges from 40 K to 600
K. A Hamamatsu R928 PMT is used to record the emission intensity as a
function wavelength. The detailed configuration is show in Fig. 2.9.

Figure 2.9. The configuration of photoluminescence measurement set-up.

Photoluminescence excitation and emission can be used to calculate the
Stokes shift, which can describe the overlapping of emission and excitation. If a
crystal has large Stokes shift, most of the emitted photon can escape from the
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crystal and be detected. However, large Stokes shift also increases the energy
loss due to phonon creation. A highly resolved emission and excitation spectrum
can be used to distinguish the energy level of each split orbit, and such analysis
often requires low doping concentration and cryogenic temperature.
Thermoluminescence
Thermoluminescence is the thermally stimulated photon emission from
previous radiation absorption. The electrons are excited, and some of them are
trapped by impurity and vacancy related traps. The trapped electrons cannot
escape and recombine with holes in the luminescence center. On the other hand,
they can be thermally released and then recombine. The thermoluminescence
intensity can be written [47] as:
!

!

I T − ∆T = 𝑛! 𝑠𝑒𝑥𝑝 − !" exp  [−(!)
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(2.6)

Where ΔT is the thermal lag between the sample and the heating element (ΔT =
2~3 K). β is the constant heating rate. n0 is the initial concentration of filled traps,
and κ is the Boltzmann constant.
The sample temperature ranges from 10 K to 600 K controlled by
Advanced Research Systems DE202 closed cycle compressed helium cryostat.
The sample is cooled down to 10-20 K in vacuum. A CMX-003 X-ray generator
irradiate the sample for 15 minutes. Then the PMT (Hamamatsu R2059) is turned
on as the temperature increase to record the trap related emission. The scheme
of the thermoluminescence measurement is shown in Fig. 2.10.
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By resolving the thermoluminescence spectra, one can build the energy
structure of defects, and calculate the effect of traps on the scintillation decay
and afterglow.

Figure 2.10. The configuration of thermoluminescence measurement set-up.

Temperature-dependent Light Yield
Thermal stability of scintillation properties is important for practical
radiation detection. Therefore a temperature-dependent light yield measurement
set-up is built. The scintillation quantum efficiency is temperature dependent. The
scintillation light yield can decrease with elevated temperature, and this
phenomenon is called thermal quenching. It is related to the electron-phonon
interaction and non-radiative process in the scintillators [3].
A simplified Single-Configurational Coordinate (SCC) model is used to
illustrate the electronic energy level of the luminescence centers, with
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consideration of the host lattice interaction/phonon. The SCC model is applied to
describe the common luminescence centers including Ce3+ and Eu2+.
Fig. 2.11 is a SCC diagram of the ground and excited state of the
luminescence ion. The horizontal axis Q represents the vibration levels, in other
words, the lattice distance. The vertical axis E represents the energy. The lower
parabola g is the potential curve of the ground state, and the upper parabola e is
the potential curve of one excited state. Eq is the activation energy. When an
electron transits from excitation to ground state at the crossing point of P, it will
not have radiative emission but heat dissipation through phonon interaction. The
horizontal shift Δ is Stokes shift. It indicates the ion-ligand distance is larger in
the excited state compared with ground state [3]. It is determined by the
interaction coupling strength between the luminescence center and surrounding
lattice. For instance, in a strong coupling system, the Stokes shift is large, and
results in smaller quenching activity energy. The excited state would either relax
through radiative transition (photon emission) to the ground state, or relax nonradiatively if the ambient temperature is high enough to overcome the activation
energy Eq. On the other hand, if the coupling is weak, the excited state is not
significantly shifted from the ground state, as shown in Fig. 2.12. It is commonly
seen in f-f transitions of rare-earth ions.
The set-up can measure the light yield response of a scintillator in a
temperature range from 40 K to 600 K. A Ni coated SiO2 optical reflector is
placed around the sample to improve light collection by PMT, as shown in Fig.
2.13. The rest of the settings are the same as the set-up for regular pulse height
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spectra acquisition. If the scintillator shows thermal quenching, the correlation
Q(T) between the scintillation light yield decrease is dependent on the
temperature, which can be described as:
Q(T ) =

Ir
=
In + Ir

1
E
k
1+ n exp(− q )
kr
κT

(2.7)

Where Ir is the radiative emission, In is the non-radiative emission, kr is the decay
rate of the radiative transition from the excited state to the ground state of a
luminescence center, kn is the decay rate of the non-radiative transitions, Eq is the
activation energy of thermal quenching, T is the temperature, and κ is the
Boltzmann constant.

Figure 2.11. SCC diagram of a luminescence center with strong coupling. Curve
g is the ground state and curve e is the excited state [2].
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Figure 2.12. SCC diagram of a luminescence center with weak coupling. Curve g
is the ground state and curve e is the excited state [3].

Figure 2.13. Diagram design of temperature dependent light yield measurement.
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Fig. 2.14 shows the improvement of pulse height spectra with the optical
reflector. The temperature dependent pulse height spectra of LSO: Ce is shown
in Fig. 2.15, and the similar results were reported elsewhere [48].

Figure 2.14. A pulse height spectra comparison between sample with and without
a Ni coated SiO2 reflector. The spectrum with the reflector has more
distinguishable photopeak.
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Figure 2.15. Pulse height spectra comparison of LSO: Ce at different
temperatures. With elevated temperature, the photopeak shift to left and
indicates the decrease of light yield.
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CHAPTER 3

SCINTILLATION PROPERTIES OF Cs3LaCl6:Ce3+
AND Cs3LaBr6:Ce3+
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3.1 Abstract
In this work, the scintillation properties of Cs3LaCl6 and Cs3LaBr6 single
crystals doped with various Ce concentrations (0.5 at.% - 40 at.%) were studied.
In the decay time profiles, both the fast (~50 ns) and slow (~500 ns) components
decrease with increasing Ce concentration. The fast decay component
dominates with high Ce concentration. Cs3LaCl6:Ce has a light yield of ~20,000
photons/MeV for 20 at.% Ce, while Cs3LaBr6:Ce has a light yield of 35,000
photons/MeV for 10% Ce. Energy resolution was improved from 20 at.% to 8
at.% with higher Ce concentration. Cs3LaCl6:Ce and Cs3LaBr6:Ce are 30 and 8
times less hygroscopic than LaBr3:Ce.
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3.2 Introduction
Scintillators play significant roles in nuclear medical imaging, high-energy
physics and oil exploration. There is a continuing need for scintillators with
superior properties. An ideal scintillator would have fast scintillation decay, good
energy resolution, high light yield, high effective atomic number and a favorable
emission wavelength. Although no scintillator meeting all of the criteria has yet
been found, trivalent Ce-activated compounds with highly efficient 5d-4f
irradiative transitions show great potential.
Several new Ce-activated scintillators have recently been reported. For
example, LaBr3:Ce is an excellent scintillator with a light yield of more than
70,000 photons/MeV [13, 49-50]. Scintillators such as K2LaI5:Ce [51],
Cs3Lu2I9:Ce

[52],

Cs2LiLaCl6:Ce,

Cs2LiLaBr6:Ce

[42,

53]

Cs3CeCl6:Ce,

CsCe2Cl7:Ce [17] have also been reported to have good scintillation properties.
The properties of Eu-activated scintillators are often highly dependent on the Eu
concentration [54-55], and Ce concentration is likewise known to affect Ceactivated scintillators [56-57]. It is important to understand the relationship
between Ce concentration and scintillation properties in order to engineer and
optimize the scintillation properties.
In this paper we studied the scintillation properties of Cs3LaCl6:Ce and
Cs3LaBr6:Ce with a wide range of Ce concentrations. Cs3LaCl6:Ce is reported for
the first time in this paper, and Cs3LaBr6:Ce, originally reported by Birowosuto et
al. [52], is further investigated in the current work.
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3.3 Experimental
Synthesis
All the starting materials were 5N pure anhydrous materials from Sigma
Aldrich. Before synthesis, the starting materials were dried in vacuum (10-6 torr)
in heating steps of 120°C, 150°C and 250°C. Samples of Cs3LaCl6 and Cs3LaBr6
with 0.5 at.%, 5 at.%, 10 at.%, 20 at.% and 40 at.% Ce were synthesized in 8mm
diameter sealed quartz ampoules under vacuum. We define the Ce concentration
as the atomic percentage (at.%) relative to La in this paper, and the symbol “%”
is used for simplicity. The samples were melted and mixed by Multiple Alternating
Direction (MAD) mixing and then rapidly frozen in a clamshell furnace. The
synthesis temperature was set 20°C above the highest melting temperature of
the individual raw material components (for Cs3LaCl6 we use 870°C and for
Cs3LaBr6 is 800°C). The sample was soaked at the synthesis temperature for 8
hours, and then cooled down to room temperature at 20-40°C/h. Transparent
single crystallites (3*3*1mm3 in average) were cut and polished for further
characterizations.
MAD mixing is a multiple melt-mixing process in which the ampoule’s
orientation in a vertical furnace is inverted several times in order to facilitate
uniform mixing of all starting materials for chemical reaction. At an early stage of
this work, Cs3LaCl6:Ce and Cs3LaBr6:Ce were proved difficult to mix, evidenced
by low transparency and inhomogeneity of the samples. Therefore, MAD mixing
is very important for homogenous distribution of Ce dopant and good
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transparency of the samples. The samples are small crystallites (5*5*5mm3 in
average), and the size of the crystallites increased with cycles of MAD mixing
process. In this paper, all samples were obtained after 4 cycles, and the
crystallites are transparent.

Figure 3.1. Sample after each cycle (4 cycles in total) of MAD mixing and rapidfreeze.

Fig. 3.1 shows how the samples become more homogenous after each
iteration of the melting and freezing process. The photos were taken with a strain
inspection unit SLM-4000LE by Luceo®. In (1) the sample has clearly separated
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into two portions: translucent top portion and transparent bottom portion; in (2)
the top and bottom portions mixed; in (3) the sample formed a solid transparent
piece but with severe cracks; and in (4) the sample is visually homogenous with
fewer cracks.
The homogeneity of the sample was determined in 3 steps: 1) Visual
appearance under 256 nm/366 nm UV light as well as the strain inspection light;
2) X-ray powder diffraction (XRD) analyses of the top, middle, and bottom
portions to verify the homogeneity of crystal structure; 3) 3 pieces were selected
from different portions of the ampoule for radioluminescence, relative light yield,
and decay time measurements. Measurements of spatially separated samples
gave similar results.
Crystal Structure and Thermal Behavior
X-ray powder diffraction (XRD) spectra were measured with a Bruker D2
Phaser diffractometer. The samples were ground in a nitrogen-purged glove box
and loaded into an airtight Kapton sample holder. The X-ray tube voltage was 30
kV and the current was 10 mA. The two-theta angle was scanned from 10 to 70°
in 0.02° steps.
A Setaram Labsys Evo® Differential Scanning Calorimeter (DSC) was
used to measure the melting and crystallization points. Samples were heated and
cooled at 5°C/min between 25 and 900°C under flowing argon gas. Based on the
measurements of standard reference materials, the temperature accuracy is
±2°C.
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Hygroscopicity
Hygroscopicity of Cs3LaCl6 and Cs3LaBr6 crystals were compared with
NaI:Tl and LaBr3:Ce. We used the Dynamic Vapor Sorption technique [58] (DVS
Intrinsic by Particulate Systems). The sample was put on an ultra-sensitive
balance housed in an environmental chamber to record the weight change as a
function of time with fixed temperature and humidity. The initial sample weight
was 32±0.5 mg, the temperature was 25 ±0.1°C, and the relative humidity (RH)
was 40±0.5%. The weight change was recorded with 0.0001 mg precision. For
each composition, three samples of similar shape and weight were measured to
get an average value. The samples were quasi-spherical with ~3mm diameter.
Scintillation Properties Measurement
The samples for pulse height and decay time measurements were 3*3*1
mm3 crack-free transparent slabs. The samples were covered with mineral oil to
protect them from degradation.
We measured the radioluminescence spectra at room temperature by
exciting the samples with X-rays from a CMX-003 X-ray generator. The voltage
and current of the X-ray tube was 35kV and 0.1mA. The emission spectra were
recorded with a 150 mm focal length monochromator (PI ACTON SpectraPro SP2155m) over a wavelength range of 200 to 800 nm.
The scintillation decay time was measured at room temperature with the
time correlated single photon counting technique [46]. The irradiation source was
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137

Cs. All the scintillation time curves were fitted by double exponential decay

functions.
The scintillation light yield was measured by coupling a sample to a
Hamamatsu 3177-50 photomultiplier tube (PMT) and recording the response to
gamma rays (137Cs button source). A hemispherical dome of Spectralon was
used to reflect the scintillation light into the PMT, and mineral oil was used to
protect the sample from degradation, as well as to provide an optical coupling
between the crystal and PMT. The PMT signal was amplified by a Canberra
2005 pre-amp and an Ortec 672 amplifier with a shaping time of 3 µs. A multiple
channel analyzer (Tukan 8K) was used to histogram the pulses.
Photoluminescence Spectra
Photoluminescence spectra were measured at room temperature with a
Horiba Jobin Yvon Fluorolog 3 Spectrofluorometer equipped with a 450W Xe
lamp. A closed cycle compressed helium cryostat (Advanced Research Systems,
DE-202) was used to keep the sample in vacuum at room temperature. A
Hamamatsu R928 PMT was used to record the emission intensity.

3.4 Results and discussions
Crystal Structure and Thermal Behavior
The XRD patterns of samples with different Ce concentrations are shown
in Fig. 3.2 (a) and (b). The crystal structure of both Cs3LaCl6 and Cs3LaBr6 are
monoclinic [59-60]. Undoped, 10% Ce and 40% Ce doped samples were
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compared with reference patterns from the Pearson database [62]. For both
Cs3LaCl6:Ce and Cs3LaBr6:Ce, the highly Ce doped samples (40% Ce) and
undoped samples have the same pattern, which indicates the crystal structure
does not change due to high Ce concentration. This can be explained in part by
the similarity in ionic radius of Ce (1.01Å) and La (1.032 Å) [61], therefore Ce can
easily replace La without causing large lattice distortion. Furthermore Cs3LaCl6
and Cs3CeCl6 have same crystal structure that display a continuous range of
solid solutions. Cs3LaBr6 and Cs3CeBr6 exhibit a similar behavior.
We measured the melting temperatures of Cs3LaCl6 and Cs3LaBr6 using
Differential Scanning Calorimetry (DSC), as shown in Fig. 3.3, and obtained
values of 778°C and 738°C respectively which match the reported values [59-60].
A small endothermic spike appears at ~400°C that may indicate a phase
transition. Table 3.1 is a summary of the basic chemical and physical properties
of these two compounds.
Table 3.1. Physical and chemical properties of Cs3LaCl6 and Cs3LaBr6
Cs3LaCl6

Cs3LaBr6

Crystal Structure

Monoclinic

Monoclinic

Density

3.27 g/cm3 [14]

3.99 g/cm3 [15]

Zeff [19]

49.1

47.7

Melting Point

778 °C

738 °C

Congruently melt?

Yes

Yes
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Figure 3.2. XRD pattern of Cs3LaCl6: Ce (a) and Cs3LaBr6: Ce (b) compared with
reference pattern.

Figure 3.3. DSC curves of Cs3LaCl6 and Cs3LaBr6 with heating/cooling cycles.
48

Hygroscopicity
The hygroscopicity of undoped Cs3LaCl6 and Cs3LaBr6 were measured
and compared with LaBr3:Ce and NaI:Tl. Fig. 3.4 shows the moisture uptake
curve for all 4 samples in a 120 minute measurement. In terms of moisture
uptake rate, which is determined by the slope of the curve, Cs3LaCl6 and
Cs3LaBr6 are 30 and 8 times less hygroscopic than LaBr3 respectively, and are
also less hygroscopic than NaI:Tl. In particular, Cs3LaCl6 is almost nonhygroscopic, which can reduce the cost of packaging of the crystal in future
applications. Samples of Cs3LaCl6 and Cs3LaBr6 with various Ce concentrations
were also measured, and the hygroscopicity was not affected by Ce
concentration.

Figure 3.4. Moisture uptake curves of Cs3LaCl6 and Cs3LaBr6 compared with
NaI:Tl and LaBr3:Ce.
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Radioluminescence
Radioluminescence

emission

of

all

samples

with

different

Ce

concentration was measured, as shown in Fig. 3.5 (a) and (b). The insets show
undoped Cs3LaCl6 and Cs3LaBr6 respectively on expanded vertical scales. In
both Cs3LaCl6:Ce and Cs3LaBr6:Ce spectra, we observed a Ce3+ emission peak.
The Ce3+ emission peak can be de-convolved into two separate peaks by
Gaussian fitting. The short wavelength emission is ascribed to 5d to 4f(2F5/2), and
the long wavelength emission is due to 5d to 4f(2F7/2) transition of Ce3+. The
small bump of Cs3LaCl6:0.5% Ce around 280 nm may come from the host
material, since in the undoped Cs3LaCl6 spectrum there is a clear peak at 280
nm, and this peak disappears with higher Ce concentration. There appears to be
a trace amount of Ce impurity in the raw material of LaCl3. On the other hand,
undoped Cs3LaBr6 does not show split peaks but a weak and broader peak at the
position of Ce3+ emission, therefore the host effect of Cs3LaBr6 is not significant.
The emission wavelength of Cs3LaBr6:Ce is slightly longer than
Cs3LaCl6:Ce, due to the larger polarizability of the anion [41].
The emissions of Cs3LaCl6:Ce and Cs3LaBr6:Ce

shift to longer

wavelength with increasing Ce concentration, which is possibly due to 1)
increased self-absorption; 2) change of the crystal field around Ce3+, which
results from the high Ce concentration. More measurements need to be done to
verify the reason for the shift.
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Figure 3.5. Radioluminescence of Cs3LaCl6: Ce (a) and Cs3LaBr6: Ce (b).
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Decay Time vs. Ce Concentration
The decay time profiles of Cs3LaCl6:Ce and Cs3LaBr6:Ce can be fit with
double decay exponential function (3.1):

Y = Y0 + A1e− x/t1 + A2 e− x/t2

(3.1)

A1 and A2 are the amplitude, t1 and t2 are the decay constant, Y0 is the offset.

Table 3.2. Decay curve fitting parameters of Cs3LaCl6 and Cs3LaBr6
Cs3LaCl6:Ce

Fast component

Slow component

t1 (ns)

A1

t2 (ns)

A2

0.5

45

1.874

470

0.124

5

92

1.515

501

0.205

10

63

1.561

400

0.21

20

56

2.382

380

0.116

40

54

1.237

314

0.069

Cs3LaBr6:Ce

Fast component

Slow component

t1 (ns)

A1

t2 (ns)

A2

0.5

102

1.13

543

0.158

5

77

1.971

430

0.192

10

71

1.685

437

0.107

20

55

2.467

311

0.145

40

37

0.475

287

0.021

For Cs3LaCl6:Ce with different Ce concentrations, the primary decay time
ranges from 60-90 ns, and the secondary decay time ranges from 300-500 ns as
Fig. 3.6 (a) shows. In Fig. 3.6 (b), the primary decay time of Cs3LaBr6:Ce ranges
from 55 -80 ns, and the secondary decay time ranges from 290-540 ns. The
decay curves are fit by a double exponential decay equation, and fitting
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parameters are shown in Table 3.2. Both of these two compositions have faster
decay as Ce concentration increases. One possible reason for the faster decay is
that high Ce concentration increases the transfer rate from the host to Ce3+.
Similar behavior of increased Ce concentration with decreased decay time was
also observed in LaBr3: Ce [56], YAG:Ce [64] LiYF4:Ce [65]. Therefore, we think
this behavior is not unexpected.
The relative intensities of the fast and slow components in the decay time
profiles were also analyzed as shown in Fig. 3.7 (a) and (b). In both Cs3LaCl6:Ce
and Cs3LaBr6:Ce, the fraction of fast decay component initially increases as Ce
concentration increases, then it becomes roughly constant at high Ce
concentration.
Besides the typical fast decay component from direct Ce3+ excitationemission, the slow decay component may be due to the slow thermal transfer
processes related to localized excitations such as STEs [57]. The slow decay
component has also been observed in Ce3+ doped ternary halide and elpasolite
scintillators [36, 41,63].
Pulse Height Spectra
We measured the pulse height spectrum of a

137

Cs gamma-ray source

using samples of Cs3LaCl6:Ce and Cs3LaBr6:Ce with different Ce concentrations.
From Fig. 3.8 (a) and (b), we can clearly identify the photopeaks. In order to
better illustrate the correlation between light yield and Ce concentration, we plot
the absolute value of light yield versus Ce concentration in Fig. 3.9 (a) and (b).
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Figure 3.6. Decay time of Cs3LaCl6:Ce (a) and Cs3LaBr6:Ce (b) shows change
as a function of Ce concentration.
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Figure 3.7. Fraction change of fast and slow components Cs3LaCl6:Ce (a) and
Cs3LaBr6:Ce (b).
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Figure 3.8. Pulse height spectra comparison of Cs3LaCl6:Ce (a) and Cs3LaBr6:Ce
(b).
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Figure 3.9. Change of light yield value for Cs3LaCl6:Ce (a) and Cs3LaBr6:Ce (b).

In Cs3LaCl6:Ce, the light yield increases to a maximum (20,000
photon/MeV) when Ce concentration is 20%. In Cs3LaBr6:Ce, the light yield
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increases to a maximum (35,000 photons/MeV) when Ce concentration is 10%.
Both materials have a drop in their light yield as Ce concentration increases.
The best energy resolution for these preliminary samples is 9% for
Cs3LaCl6:40% Ce and 8% for Cs3LaBr6:40% Ce. Considering the relatively
simple synthesis procedure, the energy resolution is encouraging. We expect to
further improve the energy resolution by growing better crystals with the
Bridgman technique.
Room Temperature Photoluminescence Spectra
The photoluminescence spectra of Cs3LaCl6:Ce and Cs3LaBr6:Ce samples
containing the lowest and highest Ce concentration were recorded at room
temperature. Fig. 3.10 is the emission and excitation spectra of Cs3LaCl6: 0.5%
Ce and 40% Ce. Fig. 3.11 is the emission and excitation spectra of Cs3LaBr6:
0.5% Ce and 40% Ce. All plots are displayed on a linear scale. The emission can
be seen to consist of two peaks due to the splitting of 4f ground state of Ce3+.
When comparing samples of Cs3LaCl6:Ce and Cs3LaBr6:Ce with 0.5% Ce and
40% Ce, the intensity of the 2F7/2 emission, which is the longer wavelength
emission, is enhanced relative to the 2F5/2 emission in the heavily doped samples.
This is possibly the result from self-absorption that primarily affects the shorter
wavelength emission from the 2F5/2 level.
A broad excitation region is observed in the excitation spectra of the low
and high Ce concentration Cs3LaCl6:Ce and Cs3LaBr6:Ce samples, as seen in
Fig. 3.10 and Fig. 3.11. With the octahedral coordination, the 5d level of Ce3+
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splits into a doublet 5deg and triplet 5dt2g [41, 52] with radiative emission only
from the lowest energy level. The excitation regions from 300 to 360 nm of
Cs3LaCl6 and 310 to 375 nm of Cs3LaBr6:Ce likely result from absorption by the
various 5d energy levels and emission from the lowest one.
The excitation band partly visible around 260 nm was observed in both
Cs3LaCl6:Ce and Cs3LaBr6:Ce and may be due to intrinsic host lattice emission
which is mostly quenched at room temperature; a similar excitation band was
observed by Dorenbos et.al [52].

Figure 3.10. Emission and excitation spectra of Cs3LaCl6 for 0.5% and 40% Ce.
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Figure 3.11. Emission spectra of Cs3LaBr6 for 0.5% Ce and 40% Ce.

3.5 Conclusion
We successfully used the MAD mixing rapid-freeze method to synthesize
homogenous Cs3LaCl6:Ce and Cs3LaBr6:Ce samples with high Ce concentration.
Homogeneity was confirmed by UV illumination, XRD, and scintillation
measurements on multiple samples from each growth ampoule.

It is

demonstrated that Ce concentration has a strong effect on the scintillation
properties of these metal halide scintillators. Cs3LaCl6:Ce is reported for the first
time as a new scintillation material. By optimizing the Ce concentration, we were
able to increase the light yield of Cs3LaBr6:Ce by a factor of six compared to the
previously report value. One of the significant advantages of these scintillators,
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particularly Cs3LaCl6:Ce, is the relatively low hygroscopicity compared to other
metal halide compounds.
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CHAPTER 4

TEMPERATURE DEPENDENCE SPECTROSCOPIC

STUDY OF Ce-DOPED Cs3LaCl6 AND Cs3LaBr6 SCINTILLATORS
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4.1 Abstract
Single crystals of Ce-doped Cs3LaCl6 and Cs3LaBr6 show promising
scintillation properties in gamma-ray detection. Their thermal response in the
range from 40 K to 500 K is discussed in this work. The steady state
photoluminescence spectra, photoluminescence decay time, and X-ray excited
radioluminescence of Ce-doped and undoped Cs3LaCl6 and Cs3LaBr6 were
studied. The photoluminescence and radioluminescence emission intensity of the
Ce-doped crystals decreases less than 25% from 40K to 500K. The
photoluminescence decay time of Ce3+ increases with increasing temperature.
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4.2 Introduction
An ideal scintillator would have fast scintillation decay, good energy
resolution, high light yield, high effective atomic number and a favorable emission
wavelength [8, 66, 67]. For some applications, the temperature stability is also
important. For example, in oil well logging, the detectors normally operate in a
wide temperature range that varies from room temperature up to 200 °C. Due to
the extreme temperature change, the scintillators used as oil well logging tools
are expected to be stable with temperature variations in term of light yield,
scintillation decay time and emission wavelength [68]. Thus, temperature
dependence of scintillation response is an important criterion.

In addition,

investigation of temperature dependent behavior of scintillation properties can
help to clarify the scintillation mechanism.
The temperature responses of various scintillators have been reported in
previous studies. Boatner et al. [48] reported the light yield of a large group of
scintillators from RT up to 480 K. In their work, most halide scintillators
experienced light yield loss more than 60% at elevated temperature. Moszynski
et al. [69] studied the temperature dependent behavior of LaBr3:Ce, LaCl3:Ce and
NaI:Tl in terms of full energy peak position. Yang et al. [70] studied the thermal
response of SrI2:Eu. The photoluminescence emission intensity of SrI2:Eu drops
more than 50% from 40 K to 500 K. Drozdowski et al. [71] studied the radiation
trapping effect in BaF2:Ce at elevated temperature. It indicates that temperature
dependent re-absorption of Ce3+ emission is the key reason of the prolonged
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photoluminescence decay time. Bessiere et al. [11] compared the scintillation
properties of LaCl3:Ce, LaBr3:Ce and LaI3:Ce. The emission of LaI3: Ce is
completely quenched above 150 K due to its small band gap. Bizarri et al. [72]
reported the charge carrier and exciton dynamics in LaBr3:Ce in the temperature
range from 80 K to 600 K. The energy transferring from self-trapped excitons to
cerium ions increases with elevated temperature. The thermal stability of
LaBr3:Ce allows its high temperature use.
We previously reported the scintillation properties of Cs3LaCl6:Ce and
Cs3LaBr6:Ce at RT [73]. In this work, we studied the temperature dependence of
scintillation properties of both Ce-doped and undoped Cs3LaCl6 and Cs3LaBr6
single crystals in a wide temperature range from 40 K to 500 K.

4.3 Experimental
Synthesis
All the starting materials were 5N pure anhydrous materials from Sigma
Aldrich. Before synthesis, the starting materials were dried in vacuum (10-6 torr)
in heating steps of 120°C, 150°C and 250°C. Samples of undoped and Ce-doped
Cs3LaCl6 and Cs3LaBr6 were synthesized in 8 mm diameter quartz ampoules
sealed under vacuum. The Ce concentration varies from 0.5% to 40% (atomic
percentage). The samples were mixed by Multiple Alternating Direction (MAD)
method, details can be found elsewhere [73-74]. Then the synthesized
polycrystalline boule was translated in a Bridgman furnace with a thermal
gradient. The translation rate was 3-5 mm/h, and the cooling rate was 5 °C/h.
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Photoluminescence (PL) Spectra and PL Decay Time
Steady state PL emission and excitation spectra were measured with
Horiba Jobin Yvon Fluorolog 3 Spectrofluorometer equipped with a 450 W Xe
lamp. A closed cycle compressed helium cryostat (Advanced Research Systems,
DE-202) was used to cool and heat the sample from 40 K to 500 K under
vacuum (< 10-3 torr). A Hamamatsu R928 PMT was used to record the emission
as a function of wavelength.
The PL decay time were measured with the same Spectrofluorometer,
equipped with a Horiba NanoLED light source. The LED repetition rate is 1 MHz.
Radioluminescence (RL) Spectra
The RL spectra were recorded from 40 K to 500 K under vacuum (< 10-3
torr). The sample was mounted on a copper cold finger on Advanced Research
System DE-202 closed cycle compressed helium cryostat. X-rays were
generated from a CMX-003 X-ray generator. The voltage and current of the X-ray
tube was 35 kV and 0.1mA. The emission spectra were recorded with a 150 mm
focal length monochromator (PI ACTON SpectraPro SP-2155m) over a
wavelength range from 200 nm to 800 nm. In order to check for thermal lag, two
heating-cooling cycles from low to high temperature, and high to low temperature
were recorded for each sample. The thermal-induced emission from shallow
traps is trivial [75]. For emission intensity comparison, the intensity is integrated
area below the peak (290 nm -640 nm) and whole scan range (200 nm – 800
nm), respectively. The background was subtracted to exclude the effect of noise.
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4.4 Results
PL Emission/Excitation Spectra
The PL emission and excitation spectra of Ce-doped and undoped
Cs3LaCl6 and Cs3LaBr6 were measured. Fig. 4.1 (a) and (b) show the emission
and excitation spectra of Cs3LaCl6:2% Ce at different temperatures. In the
emission spectra, the splitting of 4f(2F5/2) and 4f(2F7/2) of Ce3+ is more clearly
seen at low temperature. As temperature increases, the splitting cannot be
resolved

anymore.

The

excitation

spectra

broadened

with

increasing

temperature. The typical splitting of 5d level is not well resolved in these spectra.
The emission and excitation spectra of Cs3LaBr6:2%Ce are shown in Fig. 4.2.
Different from Cs3LaCl6: Ce, the splitting of 4f(2F5/2) and 4f(2F7/2) of Ce3+ in
Cs3LaBr6: Ce is well resolved even at 500 K. Similar emission and excitation
spectra at RT were also reported by Gundiah et al. [94].
The PL emission intensity of undoped, 0.5% Ce, 2%Ce, 40% Ce doped
Cs3LaCl6 and Cs3LaBr6 are compared in Fig. 4.3. In both Cs3LaCl6 (a) and
Cs3LaBr6 (b), the PL emission intensity of undoped samples decreases the most.
Compared with the undoped sample, Ce-doped samples are less temperature
dependent, even with low Ce concentration (0.5%).
The estimated bandgap values were retrieved from Gundiah et al. [76].
The estimated bandgap is 7.7 eV and 6.8 eV for Cs3LaCl6 and Cs3LaBr6,
respectively. In such wide bandgap compounds, the 5d level of Ce3+ could be far
away from their conduction band. It is less likely for the 5d level overlap with
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conduction band due to elevated temperature. This could explain the stability of
PL emission of Ce-doped compounds. The thermal quenching may occur at
much higher temperature, however, due to the limitation of the instrument, we
cannot measure the PL spectra above 500 K. With the knowledge of thermal
quenching point, one can easily calculate the absolute energy level from 5d to
the bottom of conduction band [44, 77].
With increasing temperature, the emission peaks of Ce-doped compounds
barely shift, while the excitation peaks broaden. Take Cs3LaCl6: 2%Ce as an
example, the Stokes shift at 40 K, 300 K and 500 K is 0.18 eV, 0.17 eV and 0.11
eV, respectively. For Cs3LaBr6: 2%Ce, the Stokes shift at 40 K, 300 K and 500 K
are 0.23 eV, 0.18 eV and 0.17 eV, respectively. The Stokes shift decreases
slightly with elevated temperature, which can potentially increase the
luminescence efficiency of Ce3+ and weaken the thermal quenching. On the other
hand, the decreased Stokes shift with elevated temperature could lead to
enhanced self-absorption, i.e. concentration quenching. Unlike many other
scintillators such as YAG:Ce and SrI2:Eu [78-79], in this work, the small change
of PL emission intensity in a wide range of Ce concentration samples indicates
that concentration quenching is not a dominant factor in the Ce-doped samples.
Our previous work also shows the light yield does not decrease significantly even
with 40% Ce concentration.
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Figure 4.1. PL emission (a) and excitation (b) spectra of Cs3LaCl6:2% Ce at
different temperatures. The emission was recorded with 330 nm excitation, and
excitation was recorded with 400 nm emission.
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Figure 4.2. PL emission (a) and excitation (b) spectra of Cs3LaBr6:2% Ce at
different temperatures. The emission was recorded with 350 nm excitation, and
excitation was recorded with 410 nm emission.
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Figure 4.3. PL emission intensity change of Cs3LaCl6 (a) and Cs3LaBr6 (b) with
various Ce concentrations at different temperatures.
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In the temperature dependence study of Ce3+ doped LaBr3, Bizzari et al.
[72] proposed a competition mechanism between STE and Ce3+. This
competition process also applies to Cs3LaCl6:Ce, Cs3LaBr6:Ce, and many other
Ce-doped lanthanide halides [73,79-80]. The STE energy transfer is thermal
activated. With increasing temperature, the transfer rate from STE to Ce3+ is
enhanced. Therefore, with the compensation from STE, the Ce3+ intensity suffers
less from thermal quenching. Evidence is the dramatic PL intensity drop of
undoped compounds, comparing to the small intensity change of Ce-doped
compounds, as shown in Fig. 4.3.
PL Decay Time
PL decay time of Cs3LaCl6: Ce and Cs3LaBr6: Ce were measured at
various temperatures in Fig. 4.4 and Fig. 4.5. Fig. 4.4 (a) shows the PL decay of
Cs3LaCl6:2% Ce. Fig. 4.4 (b) is a comparison of PL decay time with various Ce
concentrations (0.5%, 2%, and 40%) of Cs3LaCl6:Ce. The decay curve was fit by
exponential decay function. In Cs3LaCl6:Ce and Cs3LaBr6:Ce, the PL decay time
increases with temperature. Compared with 2% and 40% Ce-doped samples, the
PL decay time of 0.5% Ce-doped sample is less dependent on the temperature.
In the high Ce-doped sample, the effect of radiation trapping can play an
important role in the prolongation of PL decay time. In this case, an emitted
photon can be re-absorbed by the abundant surrounding Ce, thus delay the
photon emission and elongate the PL decay time. Similar prolongation has been
observed in LaBr3:Ce, LaF3:Ce, CeF3, BaF2:Ce. [81-82, 88].
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Figure 4.4. PL decay time profile of Cs3LaCl6: 2% Ce at different temperature (a),
and the PL decay value fitted by exponential decay function of various Ce
concentration at different temperatures (b). The excitation wavelength is 333 nm,
and emission wavelength is 410 nm.
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Figure 4.5. PL decay time profile of Cs3LaBr6: 2% Ce at different temperature (a),
and the PL decay value fitted by exponential decay function of various Ce
concentrations at different temperatures (b). The excitation wavelength is 345
nm, and emission wavelength is 400 nm.
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The increased PL decay time with elevated temperature can be explained
by the domination of radiative transitions in these crystals. According to Lyu and
Hoshina [5, 83] the radiative PL decay can be expressed as:
1 64π 4 e 2 χ
=
∑ f Sij
τ
3hgi λ 3

(4.1)

Where Sij is the electric dipole line strength, λ is the PL emission wavelength, χ =
n(n2+2)2/9, n is the refraction index of the host material.
The change of the refraction index due to thermal expansion at different
temperature is too small to affect the PL decay time. Lyu et al. [83] proposed that
the mixing of opposite parity states into 4f or 5d levels could be a reason for the
PL decay time increase with elevated temperatures.
Radioluminescence (RL) Spectra
RL spectra of undoped Cs3LaCl6, Cs3LaCl6:2%Ce, undoped Cs3LaBr6,
and Cs3LaBr6:2% Ce were recorded from 50 K to 500 K. The temperature
dependent RL emission integrated intensity was compared in Fig. 4.6 (b) and
Fig. 4.7 (b). In order to clarify the emission spectra shift and intensity change with
temperatures, the RL spectra of Ce-doped samples measured at 50 K and 500 K
were compared, as shown in Fig. 4.6 (a) and Fig. 4.7 (a). When the temperature
is above 300 K, the emission peak was barely observed on both undoped
Cs3LaCl6 and Cs3LaBr6, therefore the emission spectrum at 300 K was plotted
instead of 500 K.
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Figure 4.6. RL spectra comparison of Cs3LaCl6:2% Ce at 50 K and 500 K (a).
The correlation between integrated RL emission intensity and temperature (b).
The circle dotted curve represents the integration under mission peak. The
square dotted curve represents the integration from 200 nm to 800 nm.
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Figure 4.7. RL spectra comparison of Cs3LaBr6:2% Ce at 50 K and 500 K (a).
Temperature dependence of integrated RL emission intensity (b).
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Figure 4.8. RL spectra of undoped Cs3LaCl6 at 50 K and 300 K (a). Temperature
dependence of RL emission intensity of undoped Cs3LaCl6. (b).
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Figure 4.9. RL spectra of undoped Cs3LaBr6 at 30 K and 300 K comparison (a).
Temperature dependence of RL emission intensity of undoped Cs3LaBr6 (b).
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Both Cs3LaCl6:2% Ce and Cs3LaBr6:2% Ce RL emission show slight peak
shifts towards long-wavelength as the temperature increases from 50 K to 500 K.
This is from the enhanced self-absorption at higher temperature due to thermal
broadening of the emission band. Nevertheless, the relative RL emission
intensity change is small from 50 K to 500 K. In Cs3LaCl6: 2% Ce the total
intensity change is below 20%, and in Cs3LaBr6: 2% Ce the intensity change is
slightly below 30%.
On the other hand, the undoped samples behave differently from the Cedoped samples. As indicated in Fig. 4.8 and Fig. 4.9, the RL emission peak was
barely observed above 300 K. The intensity decreases dramatically from 50 K to
300 K. The total intensity change is more than 70%. This result matches with the
temperature dependence PL measurement. Similar behavior has previously been
observed in undoped CsI and NaI [84-85].

4.5 Discussions
There are multiple energy transfer mechanisms in these ternary halide
scintillators. Firstly, the dominant one should be consecutive capture of charger
carriers at Ce3+ luminescence center. The Ce3+ captures a hole from valence
band, and then capture an electron from the conduction band. The free electrons
and holes can be trapped in a very short period of time, then the Ce3+ will deexcited in tenth of nanoseconds. This is generally the most common path of Ce3+
doped complex halides [36, 86].
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Secondly, a hole can be trapped by two neighboring halogen anions and
form a Vk center. The Vk can hop to the nearest Ce3+ site, where an electron can
be trapped and emits photons. Otherwise, the coupled Vk center and free
electrons can form self-trapped exciton (STE), and emit photons directly, which
could be re-absorbed by Ce3+. This depends on the overlapping of the excitation
band of Ce3+ and the emission band of STE.
In the temperature dependent PL spectra, PL decay, and RL
measurement, the thermal quenching is not observed from 40 K to 500 K. We
here proposed two hypotheses for the stable performance in terms of emission
intensity:
1) The large bandgap of Cs3LaCl6 and Cs3LaBr6 requires significant
thermal activation energy for the electrons ionize to the conduction band. The
thermal quenching point has yet reached up to 500 K. On the other hand, the
Stokes shift of Ce3+ 5d to 4f transition slightly decreases with elevated
temperature, and this further reduce the possibility of thermal quenching.
The reduced Stokes shift could potentially enhance the self-absorption,
i.e. concentration quenching. However, in our previous work, a small
concentration quenching only occurs at extremely heavily Ce-doped compounds
(40% Ce in Cs3LaCl6, and 20% Ce in Cs3LaBr6). Therefore, the self-absorption is
not considered to be an important factor in these compounds.
2) The energy transfer from STE to Ce3+ is enhanced by elevated
temperature. The Ce3+ emission is increased at the expense of STE emission.
The number of Ce 5d state excited by STE [72] can be expressed as:
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N ∗ce =

N STE 0
(e−t/τ Ce − e−t/τ E )
1
1
−
τ E τ Ce

(4.2)

Where NCe is the number of Ce-5d state excited by STE energy transfer. NSTE0 is
the number of STE formed at time zero. 1/τE is the transfer rate of exciton, and
1/τCe is the Ce radiative decay rate. It is clearly seen that there is competition
between Ce and STE emission during the scintillation process. Fig. 4.10
illustrates the two different mechanisms to explain the thermal stable behavior of
Cs3LaCl6:Ce and Cs3LaBr6:Ce.

Figure 4.10. Scheme of Ce3+ emission and excitation. The STE has energy
transfer to Ce3+. The thermal ionization energy is from the bottom of conduction
band to 5d1 level of Ce3+.
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4.6 Conclusions
In this work, the temperature dependent photoluminescence and
scintillation behaviors of Ce-doped and undoped Cs3LaCl6 and Cs3LaBr6 were
studied. The Ce-doped Cs3LaCl6 and Cs3LaBr6 show small amount of variation in
terms of PL and RL emission intensity. The overall PL and RL emission intensity
change is less than 30% in a wide range from 40 K to 500 K. The PL decay time
increases with temperature. The thermal quenching point has yet reached up to
500 K for Ce-doped compounds. As comparison, the emission intensity of
undoped samples decreases dramatically as temperature increases.
The thermal stability in terms of emission intensity can be attributed to the
large bandgap of these compounds, and the competition between Ce3+ and STE
emission. The energy transfer from STE to Ce3+ is enhanced by temperature, at
the expense of STE emission. More work can be done to determine the thermal
ionization energy, i.e. the energy from the Ce 5d to the bottom of the conduction
band. Also, the origin of the STE formation can be studied by Vacuum ultraviolet
(VUV) spectroscopy.
Overall, both Ce-doped Cs3LaCl6 and Cs3LaBr6 show excellent thermal
stability, in terms of small luminescence intensity variation over a wide
temperature range. They can be considered for high temperature radiation
detection applications.
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CHAPTER 5

TWO NEW CERIUM-DOPED MIXED-ANION

ELPASOLITE SCINTILLATORS: Cs2NaYBr3I3 AND Cs2NaLaBr3I3
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and
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This chapter is the reformatted version of the original work published on
the referenced journal. No additional changes were made other than formatting
to conform to the dissertation format. The index number of both figures and
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respectively.

5.1 Abstract
We recently discovered that mixed-anion Br-I elpasolite scintillators,
Cs2NaYBr3I3: Ce and Cs2NaLaBr3I3: Ce, have promising performance. Ce
concentration of these compounds was optimized in terms of light yield.
Cs2NaLaBr3I3 with 5% Ce (by mole) has a light yield of 58,000 ph/MeV, and
excellent energy resolution of 2.9% at 662 keV. It is better than both endpoint
compounds of the Br-I solid solution. Cs2NaYBr3I3 with 2% Ce doping shows
energy resolution of 3.3% at 662 keV, despite a relatively modest light yield of
43,000 ph/MeV. Non-proportionality of the mixed Br-I compounds was measured
using gamma ray sources ranging in energy from 14 keV to 835 keV.
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The electronic band gaps of undoped Cs2NaLaBr3I3 and Cs2NaYBr3I3
were determined from optical transmittance and absorbance measurements. The
band gaps of the compounds are 4.4 ± 0.1 eV, and 4.3 ± 0.1 eV, respectively.
The crystal structures of Cs2NaLaBr3I3: Ce and Cs2NaYBr3I3: Ce are
tetragonal and cubic respectively. The high symmetry leads to fewer cracks
during crystal growth and minimizes light scattering at grain boundaries. The
ease of crystal growth is promising for the scale-up of the growth process to
larger sizes.

5.2 Introduction
Low-cost and high performance scintillators are widely used for gamma
ray and neutron spectrometer applications. In the past twenty years, LaBr3: Ce
has been one of the most promising scintillators for next generation radiation
detection. It has high light yield above 90,000 ph/MeV and energy resolution
below 3% at 662 keV [13]. However, its anisotropic structure and brittleness
challenge large-scale crystal growth. SrI2: Eu has excellent light yield above
100,000 ph/MeV [10], but the slow decay time of Eu2+ limits its application,
especially in time sensitive application such as Positron Emission Tomography
(PET) [87].
For the above reasons, elpasolite crystals such as Cs2LiYCl6: Ce,
Cs2LiLaCl6: Ce, Cs2NaLaBr6: Ce, Cs2NaLaI6: Ce, and Cs2LiLaBr6: Ce were
discovered and proposed as potential scintillators [18-20, 76]. More importantly,
these crystals have cubic or pseudo-cubic isotropic structure and suffer less from
86

the thermo-mechanical stress and crack during crystal growth, therefore the light
scattering at grain boundaries can be eliminated.
This work is motivated by the shortcomings of available elpasolite
scintillators, which fail to provide high light yield due to the wide bandgap in
chloride and bromide elpasolite, or cloudiness and high cost in iodide elpasolite
[20, 76]. Mixed-anion scintillators are found to be a new approach to improve the
scintillation properties. For example, LaBr3-xIx: Ce has faster decay component
than LaBr3: Ce [88]. The light yield of LaBr3-xClx: Ce is 138% of LaBr3: Ce yield
[89]. The mixed CeBr3-xClx maintains the preferred scintillation properties of
CeBr3, also improves the hygroscopicity [74]. Mixing of anions is able to improve
the scintillation properties. One possible reason is attributed to the decreased
thermalization length between electrons and holes [90].
Mixed-anion elpasolite scintillators have not been studied thoroughly so
far. In this work, we present two promising mixed-anion elpasolite scintillators.
Their scintillation and optical properties are discussed.

5.3 Experimental
Crystal Growth
Single crystals of Cs2NaYBr3I3: Ce and Cs2NaLaBr3I3: Ce with various Ce
concentration (by mole) were grown by Bridgman method. All the starting
materials were 4N pure anhydrous materials from Sigma Aldrich. Iodide in the
compound comes from CsI and NaI. In order to drive out the residual oxygen and
87

moisture, the starting materials were baked in vacuum (10-6 torr) at 250 °C before
melting. Then the starting materials were melted and mixed by Multiple
Alternating Direction (MAD) method [73]. The synthesis temperature was 20 °C
above the highest melting temperature of the individual raw materials
component. Finally, the crystals were grown in a 24-zone electro-dynamic
gradient furnace. The pulling rate was ~3 mm/h, and the cooling rate was 3-5
°C/h. Single crystals of 8 mm to 12 mm in diameter were successfully grown, as
shown in Fig. 5.1.

Figure 5.1. Single crystal of Cs2NaYBr3I3: 2%Ce with 8mm in diameter and 45
mm in length (a); Polished piece of 3*4*2 mm3 Cs2NaYBr3I3: 2%Ce for
scintillation properties measurement (b); Single crystal of Cs2NaLaBr3I3: 5%Ce
with 15 mm in diameter (c).
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Crystal Structure
X-ray powder diffraction (XRD) patterns were measured with a Bruker D2
Phaser diffractometer. The samples were ground in a nitrogen-purged glove box
and loaded into an airtight Kapton sample holder. The X-ray tube voltage was 30
kV and the current was 10 mA. The X-ray target material is Cu. The two-theta
angle was scanned from 10 to 70° in 0.02° steps. Jade 6 XRD analysis program
was used to index each diffraction peak.
Scintillation Properties Measurement
Radioluminescence spectra were recorded at room temperature by
exciting the samples with X-rays from a CMX-003 X-ray generator. Its target
material is Cu. The voltage and current of the X-ray tube were 35 kV and 0.1 mA.
The emission spectra were recorded with a 150 mm focal length monochromator
(PI ACTON SpectraPro SP-2155m) over a wavelength range of 200 to 800 nm.
The scintillation decay time was measured at room temperature with the time
correlated single photon counting technique [46]. The irradiation source was
137

Cs. All the scintillation time curves were fitted by three exponential decay

functions.
The scintillation light yield was measured by coupling a sample to a
Hamamatsu R6321-100 photomultiplier tube (PMT) and recording the response
to gamma rays (137Cs). A Spectralon hemispherical dome was used to reflect the
scintillation light into the PMT. The sample was put into a quartz vial filled with
mineral oil, which was used to protect the sample from degradation. The total
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light loss due to the vial was ~10%. A Canberra 2005 pre-amp and an Ortec 672
amplifier with a shaping time of 10 µs amplified the PMT signal. A multiple
channel analyzer (Tukan 8K) was used to histogram the pulses.
Optical Properties
Photoluminescence emission and excitation spectra were measured at
room temperature with a Horiba Jobin Yvon Fluorolog 3 Spectrofluorometer
equipped with a 450W Xe lamp. Horiba Jobin Yvon NanoLED light sources with
various

wavelengths

were

used

for

photoluminescence

decay

profile

measurement, the pulse duration is less than 1 ns. A Hamamatsu R928 PMT
was used to record the emission intensity as a function wavelength. The sample
was protected in a vacuum-tight sample holder with transparent quartz window
during the measurement.
The optical transmittance and absorbance spectra were recorded with a
Varian Cary 5000 UV-Vis-IR Spectrophotometer. The range of the spectrum is
from 200 nm to 800 nm. A ~1mm thin sample was polished and placed in an airtight sample holder with quartz windows.

5.4 Results and Discussions
Crystal Structure Analysis
The XRD pattern of Cs2NaLaBr3I3: 5% Ce and Cs2NaYBr3I3: 5% Ce are
shown in Fig. 5.2. The crystal structure of Cs2NaLaBr3I3 is tetragonal, and the
crystal of Cs2NaYBr3I3 is cubic. Their lattice parameters are listed in the figure.
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In the lattice space, each trivalent cation (Y3+ or La3+) is surrounded by six
halide anions (mixed Br- and I-) to form an octahedral structure. Ideally, all Ce3+
cations should substitute the trivalent sites. However, due to the similar ionic
radius between Na+ (1.02 Å) and Ce3+ (1.01 Å) [90], Ce3+ can also substitute the
Na+ sites, and interstitial F- ion compensators can satisfy the charge balance.
Such substitutional disorder was observed in other elpasolite crystals as well [9293]. An illustration of the Cs2NaYBr3I3 lattice structure is shown in Fig. 5.3. The
crystals have highly symmetric structures, which are desirable for larger scale
crystal growth.

Figure 5.2. XRD pattern of Cs2NaLaBr3I3: 5%Ce and Cs2NaYBr3I3: 5%Ce. The
background from the Kapton dome, which was used to protect the sample from
moisture, is shown in blue.
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X-ray Excited Emission Spectra
X-ray excited emission spectra of 5% Ce doped Cs2NaLaBr3I3 and
Cs2NaYBr3I3 are shown in Fig. 5.4. The Ce3+ emission peak can be de-convolved
into two overlapping peaks by Gaussian fitting. The shorter wavelength emission
is ascribed to 5d to 4f(2F5/2), and the longer wavelength emission is due to 5d to
4f(2F7/2) transition of Ce3+. The emission wavelength of Cs2NaYBr3I3: 5%Ce is
slight shorter than Cs2NaLaBr3I3: 5% Ce. For both Cs2NaLaBr3I3: 5%Ce and
Cs2NaYBr3I3: 5%Ce, four samples from different sections of the crystal were
measured; the spectra were identical.

Figure 5.3. An illustration of the crystal structure of Cs2NaYBr3I3. Each element is
represented by one color (red: Y; blue: Na; green: Cs; grey: Br/I), and the size of
the sphere is proportional to the ionic radius of each element. The polyhedral
structure represents the octahedral formed by a Y cation and six halide anions.
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Light Yield and Energy Resolution
Pulse height spectra were recorded at room temperature. Samples with
various Ce concentrations were synthesized using the quick melt-freeze method
in order to optimize the best Ce concentration in terms of light yield. The trend of
light yield change is shown in Fig. 5.5.

Figure 5.4. X-ray excited emission spectra of Cs2NaYBr3I3: 5%Ce and
Cs2NaLaBr3I3: 5%Ce.
The highest light yield for Cs2NaLaBr3I3: Ce, 58,000 ph/MeV, was
obtained with 5% Ce; an energy resolution of 2.9% was achieved at 662 keV for
small samples. For Cs2NaYBr3I3: Ce, the highest light yield, 43,000 ph/MeV, was
obtained with 2% Ce; the energy resolution was 3.3% at 662 keV. The pulse
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height spectra of these two compounds are shown in Fig. 5.6 and Fig. 5.7,
respectively. The absolute light yield value is corrected based on the PMT
quantum efficiency at different wavelengths.

Figure 5.5. Ce concentration optimization of Cs2NaYBr3I3: Ce and Cs2NaLaBr3I3:
Ce.

Generally, energy resolution of the scintillation-PMT spectrometer is
expressed as:
(

ΔE 2
2
2
2
) = R 2 = Rphe
+ Rsci
+ Rnoise
E

(5.1)

Where Rphe represents the resolution broadening from photoelectron statistics,
Rsci is the intrinsic resolution due to the non-ideal nature of scintillators such as
non-homogeneity, and Rnoise is taken as 0 for PMT.
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The Rsci of Cs2NaLaBr3I3: 5% Ce is calculated as low as 2.0%, and for
Cs2NaYBr3I3: 2% Ce, the Rsci is 2.2%. Both are much lower than 6.3% of NaI(Tl),
and close to LaBr3:Ce, whose Rsci is 1.8% [36]. This indicates the intrinsic nature
of Cs2NaLaBr3I3: Ce and Cs2NaYBr3I3: Ce has small impact on their energy
resolution. With better purification of raw materials, and improvement of the
crystal quality, the energy resolution is expected to improve even further.

Figure 5.6. Pulse height spectrum of Cs2NaLaBr3I3: 5%Ce.
used.
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137

Cs source was

Figure 5.7. Pulse height spectrum of Cs2NaYBr3I3: 2%Ce.

137

Cs source was

used.

Non-proportionality Measurement
The non-proportionality of Cs2NaYBr3I3: 2% Ce and Cs2NaLaBr3I3: 5% Ce
were measured using various gamma-ray sources. Fig. 5.8 shows the nonproportionality curves of these two crystals. It is clearly seen that above 100 keV,
the scintillation response of Cs2NaYBr3I3: 5% Ce is very proportional, and the
Cs2NaLaBr3I3: 5% Ce is slightly worse.

They both tend to be much less

proportional when energy drops below 100 keV. The non-proportional response
of the mixed-anion elpasolite is not as good as regular elpasolite such as
Cs2LiYCl6: Ce and Cs2LiLaBr6: Ce [18-19], although they have excellent energy
resolution. The reason is still unclear at this point.
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Figure 5.8. The non-proportionality profile of Cs2NaYBr3I3: 2%Ce (a) and
Cs2NaLaBr3I3: 5%Ce (b).
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Scintillation Decay Profile
Scintillation decay profiles were recorded using the time correlated single
photon counting technique [46] under

137

Cs excitation at room temperature. The

decay curves were characterized by the sum of three exponential components: a
fast one with a lifetime around 60 ns, characteristic of Ce3+ decay, and
dependent on the Ce concentration; an intermediate decay component around
250 ns, and a slow component longer than 1 µs which may be due to the STE
emission. Previous reports have also shown the complexity of the scintillation
kinetics in elpasolite scintillators, including direct emission of Ce3+ (fast decay),
STE emission (slow component), and other mechanisms including STE
migration, binary Vk center and electron diffusion [94-96, 127].

Thus, further

studies are required to unambiguously identify the origin of the intermediate
decay around 250 ns. Similar scintillation decay profiles are also observed in
other elpasolite crystals. The decay components are shown in Table 5.1.

Table 5.1. Scintillation decay components and their ratios of Cs2NaLaBr3I3: Ce
and Cs2NaLaBr3I3: Ce.
Cs2NaLaB3I3

0.5% Ce

2% Ce

5% Ce

10% Ce

15% Ce

Fast

83 (27%)

78 (25%)

57 (29%)

53 (33%)

Intermediate

322 (41%)

294 (40%)

247 (33%)

248 (39%)

Slow

1256 (32%)

1338 (34%)

1371 (38%)

1414 (28%)
15% Ce

Cs2NaYB3I3

0.5% Ce

2% Ce

5% Ce

10% Ce

Fast

64 (32%)

56 (47%)

48 (49%)

46 (46%)

Intermediate

304 (38%)

284 (25%)

283 (18%)

287 (17%)

Slow

1350 (30%)

2060 (28%)

2155 (33%)

2062 (37%)
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The possible competition between Ce3+ and STE is revealed by the Ceconcentration dependent scintillation decay, as shown in Fig. 5.9 and Fig. 5.10.
With increased Ce concentration, the fast decay component decreases, and the
slow decay component increase, which indicates that there is higher possibility
the electrons and holes are captured and recombine at the Ce3+ sites [95].

Figure 5.9. The scintillation decay components dependence on Ce concentration
of Cs2NaLaBr3I3: Ce.
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Figure

5.10.

The

scintillation

decay

components

dependence

on

Ce

concentration of Cs2NaYBr3I3: Ce.

Optical Properties
The band gaps of Cs2NaLaBr3I3 and Cs2NaYBr3I3 were derived from
optical transmittance/absorbance spectra. The bandgap is determined by the
intersection wavelength between the tangent line of the left rising edge of
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transmittance (or left falling edge for absorbance) and the X-axis. The optical
bandgap of Cs2NaLaBr3I3 is 4.4±0.1 eV, and for Cs2NaYBr3I3 is 4.3±0.1 eV. The
spectra are shown in Fig. 5.11.
The photoluminescence excitation and emission spectra of Cs2NaLaBr3I3:
5%Ce are shown in Fig. 5.12. The emission bands located at 420 nm and 460
nm are due to the Ce3+ 5d to 4f transition. The weak emission around 350 nm
could come from the remnant that is not absorbed by Ce3+ [20]. It could also
possibly come from the Ce3+ sites, which are embedded in the Na+ or Cs+ sites
(substitutional disorder). It is stronger when excited with 315 nm than 280 nm.
Interestingly, the 350 nm emission is absent in the radioluminescence emission
spectra. The broad excitation between 275 nm and 300 nm is considered to be
the exciton and cross band transition. Such broad excitation peak was also
observed in both undoped Cs2NaLaBr3I3 and Cs2NaYBr3I3, in which the Ce3+
impurity level was tested below detection limit of 1 ppm). Compared with the
radioluminescence spectra in Fig. 5.4, the photoluminescence emission spectra
have clearer peak splitting, although the emission peak positions are similar in
both photoluminescence and radioluminescence measurements. The origin of
the better resolution in the photoluminescence spectra has not been confirmed
but may be related to the smaller penetration depth of the photoluminescence
excitation source (UV light) compared to the radioluminescence excitation source
( ~30 keV X-rays).
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Figure 5.11. The transmittance (blue) and absorbance (black) spectrum of
undoped Cs2NaLaBr3I3 (a) and Cs2NaYBr3I3 (b). The instrumental glitch is at 350
nm due to changing light source.
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In Fig. 5.13, similar behavior was also observed in Cs2NaYBr3I3: Ce.
However, in Cs2NaYBr3I3: Ce, the short wavelength emission around 350 nm
almost disappears. A low temperature photoluminescence measurement is under
investigation, and could possibly resolve the spectra better.

Figure 5.12. The photoluminescence emission and excitation spectra of
Cs2NaLaBr3I3: 5%Ce. The emission spectra were measured at excitation of 280
nm and 315 nm. The excitation spectra were measured at emission of 350 nm
and 460 nm.
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Figure 5.13. The photoluminescence emission and excitation spectra of
Cs2NaYBr3I3: 2%Ce. The emission spectra were measured at excitation of 285
nm and 315 nm. The excitation spectra were measured at emission of 350 nm
and 465 nm.

In the photoluminescence decay measurement of Cs2NaLaBr3I3: 5%Ce
and Cs2NaYBr3I3: 2%Ce, shown in Fig. 5.14 and Fig. 5.15. The emission spectra
of Cs2NaLaBr3I3: 5%Ce measured at 350 nm has a decay component of 20 ns,
which is faster than the Ce3+ emission at 420 and 460 nm (~50 ns). It is
suggested that the difference is associated with the substitutional disordered
system. The disorder is produced by a distribution of cation vacancies or
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interstitial F- ions as charge compensators and random substitution of Na+ and
La3+ near to Ce3+ ions. Similar photoluminescence decay behavior was also
observed in Ce-doped CaNaYF6 and Cs2NaYF6 [92-93]. When excited with 315
nm and measured the emission at 420 nm and 460 nm, a slow rise time occurs,
as seen in the blue and red curves. The slow rise time suggests the existence of
energy transfer from the emission at 350 nm to Ce3+ emission at 420 nm and 460
nm. In Cs2NaYBr3I3: 2%Ce, the short wavelength emission near 350 nm was
undetectable. The average decay of emission monitored at 420 nm and 464 nm
is 40 ns.

Figure 5.14. The photoluminescence decay of Cs2NaLaBr3I3: 5%Ce measured
with 314 nm excitation and emission at 350, 420 and 460 nm emission.

105

Figure 5.15. The photoluminescence decay of Cs2NaYBr3I3: 2%Ce measured
with 314 nm and 333 nm excitation and emission at 420 and 465 nm emission.

5.5 Summary
Single

crystals

of

mixed-anion

elpasolite

Cs2NaLaBr3I3:

Ce

and

Cs2NaYBr3I3: Ce were successfully grown by the Bridgman method. Their crystal
structures, scintillation properties, and optical properties were studied. The effect
of Ce concentration on scintillation light yield and decay time was discussed.
Higher Ce concentration leads to a decrease of the fast decay component, while
slightly increasing the slow decay component. This is attributed to the
competition between Ce3+ and STE emission. The best energy resolution
achieved is 2.9% at 662 keV for Cs2NaLaBr3I3: 5% Ce, and 3.3% for
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Cs2NaYBr3I3: 2% Ce. Compared with both endpoint compounds of the Br-I solid
solution, the mixed Br-I crystals show improved scintillation performance. Future
work will attempt to further understand the energy transfer process in this
complex system.
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CHAPTER 6 SCINTILLATION PROPERTIES AND ELECTRONIC
STRUCTURES OF INTRINSIC AND EXTRINSIC MIXED
ELPASOLITE Cs2NaREBr3I3 (RE=La, Y)

108

A version of this section by Hua Wei et al. will be submitted to Physical
Review Applied. Copyright to this paper is assumed to belong to this journal.
This chapter is the reformatted version of the original work submitted to
the referenced journal. No additional changes were made other than formatting
to conform to the dissertation format.

The index number of references was

changed to a format of 6.x to be consistent with the whole chapter, respectively.

6.1 Abstract
Scintillators are widely used for gamma ray and neutron detection. To
allow more practical large-scale crystal growth without suffering from thermomechanical stress, scintillators bearing isotropic structures such as cubic or
pseudo-cubic are highly desirable. Elpasolite halides are among the promising
candidates. This experimental and theoretical work on new mixed-anion
elpasolite compounds is aiming to understand the scintillation mechanism in the
complicated mixed system. The intrinsic mixed elpasolite of Cs2NaREBrxI6-x (0<
x< 6, RE = La, Y) series were discovered with scintillation light yield between
20,000 – 40,000 ph/MeV, where self-trapped excitons (STE) are attributed to the
scintillation process. The scintillation and spectroscopy of extrinsic mixed-anion
elpasolite

Cs2NaREBrxI6-x:Ce

series

were

compared

with

the

intrinsic

compounds. The fast Ce3+ scintillation emission rises up at the compensation of
STE emission. First-principles calculations were performed to study the
electronic structure and energetics of polarons and STE in the elpasolites. The
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results show large STE binding energies in Cs2NaREBr6, consistent with the
observed strong STE emission at room temperature.

6.2 Introduction
A scintillator can absorb high-energy particles, and convert to
multiple low-energy photons.

It is widely used for X-ray, gamma ray and

neutron detection. In the nuclear medical imaging applications such as
Computed Tomography (CT) and Positron Emission Tomography (PET), the
scintillator plays a significant role as detector. In high-energy physics, scintillators
with fast timing and high density are required in the new generation of hadron
colliders [96]. In oil well logging applications, scintillators can be used to measure
the radioactivity of the clay formation, they can also be used for bulk density and
geochemistry elemental analysis [68].
In the past decades, halide compounds show great potentials as next
generation scintillators [97]. The elpasolite halides with highly symmetric crystal
structures were proposed [97-99, 95]. Their cubic or pseudo-cubic isotropic
structures reduce the impact of thermo-mechanical stress during crystal growth,
which results in less cracks and improve the production yields [100].
The discovery and development of elpasolite can be traced back to 1883,
where K2NaAlF6 was found in minerals [28]. Since then, numerous elpasolites
are discovered. The halide elpasolites have a general form of A2BREX6, where A
and B are mono-valence alkali halides, RE is a tri-valence rare earth element,
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and X is halogen element. The structure of elpasolite can be viewed as a
cationic-ordered perovskite structure (CaTiO3 type) [30]. In the ideal situation, the
elpasolite structure has the Fm3m cubic symmetry.
According to Gormezano et al. [34], the Goldsmiths tolerance factor of
elpasolite compounds can be expressed as (6.1):
t=

RA + RX
2[1 / 2(RB + RRE ) + RX ]

(6.1)

Where RA, RB, and RX is the ionic radius of each element in the lattice.
As the tolerance factor approaches to 1, the crystal structure is likely to be
cubic [30,35]. Based on expression (1), for the mixed-anion system in this work,
the Goldsmiths tolerance factor is simplified with expression (6.2):
t=

Where

RX + RX '

RA + RX + RX '
2[1 / 2(RB + RRE ) + RX + RX ' ]

(6.2)

is the average ionic radius of mixed halogen elements.

Doty et al. [101] indicated 640 potential halide elpasolite compounds as
scintillation host materials. Among the tremendous amount of elpasolite, only a
few of them have been developed for scintillators. Cs2LiYCl6:Ce (CLYC) is one of
the earliest scintillators developed for neutron/gamma ray detection [19, 98].
CLYC has a cubic crystal structure, its bandgap is 6.8-7.5 eV [43]. The light yield
of gamma ray detection is around 20,000 ph/MeV. Cs2LiYBr6:Ce was reported
with same crystal structure but smaller bandgap of 5.7 eV, the light yield is
25,000 ph/MeV [36]. Similar Li-containing elpasolite scintillators including
Cs2LiLaCl6:Ce, Cs2LiLaBr6:Ce [19], Cs2LiLuCl6:Ce [37], and Cs2LiCeBr6 [38]
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were reported elsewhere. Besides the Li-containing elpasolite scintillators, noneLi containing halide elpasolites were also reported as promising scintillators, such
as Cs2NaCeBr6 [40], Cs2NaGdBr6:Ce [41], and Cs2NaLaI6:Ce [20].
Upon all the halide elpasolite scintillators, in terms of light yield of highenergy gamma ray, none of their light yield exceeds 50,000 ph/MeV. The highest
light yield value was reported on Cs2LiLaBr6:Ce of 50,000 ph/MeV (137Cs source)
with optimized Ce concentration [42]. Du et al. [43] pointed out that in the rareearth halide elpasolites, the localized d or f states of the tri-valence rare earth
forms the conduction band edge states. The large distance between the trivalence cations in the double-perovskite structure further localizes these states,
and the conduction band is narrowed with small dispersion, therefore results in
inefficient carrier transportation to the activators such as Ce3+. Therefore, Using
less electronegative anions can improve the hole transport efficiency, that is,
using halogen elements with higher atomic number.
One would easily think of Cs2NaREI6 be the optimal elpasolite host (K, Rb,
Fr and At are self-radioactive), since Cs+ is among the most electronegative
cations, and I- is the least electronegative halogen anion. However, the
Glodsmiths tolerance factor indicates that the crystal lattice symmetry will be
deteriorated due to larger ionic radius of A+, B+ and X-. Zhou and Doty [101-102]
applied Embedded-ion method (EIM) to predict the cubic halide elpasolites, the
results indicate that with a tolerance factor as large as 0.909, the lattice structure
can transit from cubic to tetragonal. For example, the Goldsmiths tolerance factor
of Cs2LiLaCl6 and Cs2NaLaI6 is 0.968 and 0.894, respectively.
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We proposed a new approach to engineer the halide elpasolite
scintillators: mixing halogen anions of iodine into bromide elpasolite. On one
hand the less electronegative iodine can improve the energy transportation
efficiency. On the other hand, the partially mixing can still maintain the crystal
symmetry. Two mixed elpasolites of Cs2NaLaBr3I3 and Cs2NaYBr3I3 were
reported in our previous work [44]. The crystal structure of Cs2NaLaBr3I3 and
Cs2NaYBr3I3 is tetragonal and cubic, respectively. To fabricate the mixed-anion
compounds, the iodine comes from CsI and NaI, and the bromine comes from
the tri-valence rare earth halides: 2CsI+NaI+REBr3 --> Cs2NaREBr3I3. The
gamma-ray light yield of Cs2NaLaBr3I3: 5%Ce (by mole) is 58,000 ph/MeV, and
excellent energy resolution of 2.9% at 662 keV. It is better than both endpoint
compounds of the Br-I solid solution. Cs2NaYBr3I3: 2% Ce has an energy
resolution of 3.3% at 662 keV, despite a modest light yield of 43,000 ph/MeV.
In this work, we expand the scope to further study the mechanism of the
mixed elpasolite scintillators experimentally and theoretically. The aim of this
work is to study the spectroscopy and scintillation properties of both intrinsic and
extrinsic (Ce as dopant) mixed-anion elpasolite. Electronic structures of the nonmixed elpasolite were calculated, as well as the binding energy of electron/hole
polaron and self-trapped excitons (STE), in order to understand the role of
mixed-anion and STE in the scintillation process.
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6.3 Experimental & Theoretical
Single Crystal Growth
Single crystals of intrinsic Cs2NaYBr3I3, Cs2NaLaBr3I3, and extrinsic
Cs2NaYBr3I3: Ce, Cs2NaLaBr3I3: Ce with various Ce concentration (by mole)
were grown by Bridgman method [44]. Fig. 6.1 shows a crystal boule of
Cs2NaYBr3I3: Ce during the growth in and after growth, as well as the crystal
structure of a cubic mixed-anion elpasolite.

Figure 6.1. The crystal was grown in a gold coated transparent furnace (a); a
crystal boule of Cs2NaYBr3I3: 2%Ce (b); the cubic crystal structure of mixedanion elpasolite viewed from two angles (c) and (d).
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All the starting materials were 4N pure anhydrous materials from Sigma
Aldrich. Iodide in the compound comes from CsI and NaI. In order to drive out the
residual oxygen and moisture, the starting materials were baked under vacuum
(10-6 torr) at 250 °C before melting. Then the starting materials were melted and
mixed by Multiple Alternating Direction (MAD) method [73-74, 103]. The
synthesis temperature was 20 °C above the highest melting temperature of the
starting material. Finally, the crystals were grown in a 24-zone electro-dynamic
gradient furnace. The pulling rate was ~3 mm/h, and the cooling rate was 3-5
°C/h. Single crystals of 8 mm to 15 mm in diameter were successfully harvested.
To simplify the expression, all the Ce-doped samples in this work will be referred
as extrinsic sample.
Inductively coupled plasma atomic emission spectroscopy (ICP-OES) was
used to detect the trace of Ce3+ in all intrinsic crystals, and no Ce3+ has been
detected. The instrumental detection limit is 1 ppm.
Scintillation Properties
Radioluminescence spectra were recorded at room temperature by
exciting the samples with X-rays from a CMX-003 X-ray generator. The target
material is Cu. The voltage and current of the X-ray tube were 35 kV and 0.1 mA.
The emission spectra were recorded with a 150 mm focal length monochromator
(PI ACTON SpectraPro SP-2155m) over a wavelength range of 200 to 800 nm.
The scintillation decay time was measured at room temperature with the time
correlated single photon counting technique [46]. The measurement range is 10
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µs. The irradiation source was

137

Cs. All the scintillation time curves were fitted

by exponential decay functions.
The scintillation light yield was measured by coupling a sample to a
Hamamatsu R6321-100 photomultiplier tube (PMT) to record the pulse height
spectra (137Cs source). A Spectralon hemispherical dome was used to reflect the
scintillation light into the PMT. The sample was put into a quartz vial filled with
mineral oil, which was used to protect the sample from moisture. The total light
loss due to the vial was ~10%. A Canberra 2005 pre-amp and an Ortec 672
amplifier with a shaping time of 10 µs amplified the PMT signal. A multiple
channel analyzer (Tukan 8K) was used to histogram the pulses [58].
Optical Properties
Photoluminescence (PL) emission and excitation spectra were measured
with a Horiba Jobin Yvon Fluorolog 3 Spectrofluorometer equipped with a 450W
Xe lamp. Horiba Jobin Yvon NanoLED light sources with various wavelengths
were used for photoluminescence decay measurement, the pulse duration is less
than 1 ns, and the repetition rate of the LED was set to 1 MHz. A Hamamatsu
R928 PMT was used to record the emission as a function wavelength. The
sample was protected in a vacuum-tight sample holder with transparent quartz
window. A closed cycle compressed helium cryostat (Advanced Research
Systems, DE-202) was used to cool and heat the sample from 40 K to 750 K
under vacuum (< 10-3 torr).
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Computational Method
Density functional calculations were performed to study electronic
structure and carrier self-trapping in Cs2NaLaBr6, Cs2NaYBr6, Cs2NaLaI6 and
Cs2NaYI6 [104-105]. PBE0 hybrid functional [106], which incorporate 25%
Hartree-Fock exchange, were used to calculate band structures and energetics
of small polarons and self-trapped excitons (STE). The use of hybrid functional
provides improved description of band gaps, defects, and charge localization
associated with the formation of small polarons and STE [107-110].
The electron-ion interactions were described using projector augmented
wave potentials [111]. The valence wave functions were expanded on a planewave basis with a cutoff energy of 260 eV. Experimental lattice constants were
used for all compounds. Atomic coordinates were optimized by minimizing the
Feynman-Hellmann forces to below 0.05 eV/Å.
The charge transition level ε(q/q’), induced by Ce impurity or polarons, is
determined by the Fermi level (εf) at which the formation energies of the impurity
or defect with charge states q and q’ are equal to each other. ε(q/q’) can be
calculated using:
ε ( q q ') =

ED,q ' − ED,q
q −q'

(6.3)

Where ED,q (ED,q’) is the total energy of the super cell that contains the relaxed
structure of a defect at charge state q (q’).
The binding energies of hole and electron polarons (or the energies of
hole and electron polarons relative to those of free hole and free electron) are
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εhole-pol(+/0)-εV and εc-εelectron-pol(0/-), respectively. Here, εV and εc are the energies
of the valence band maximum (VBM) and the conduction band minimum (CBM),
respectively.

6.4 Results
Radioluminescence (RL) Spectra
The RL emission spectra comparison of both intrinsic and extrinsic
Cs2NaLaBr3I3 and Cs2NaYBr3I3 at RT are shown in Fig. 6.2 (a) and (b). The
intrinsic samples have broader emission peak than the extrinsic samples. The
emission peak of the extrinsic samples can be resolved into two Gaussian subpeaks. This is due to the splitting of the Ce3+ ground state 4f(2F5/2) and 4f(2F7/2).
The splitting is more visible in Cs2NaYBr3I3:Ce in Fig. 6.2 (b).
The broad emission of the intrinsic samples is tentatively attributed to the
STE emission. Such broad emissions were observed in other halide elpasolites
RL spectra [36, 94, 98].
Photoluminescence (PL) Spectra
The PL excitation and emission spectra of extrinsic and intrinsic
Cs2NaLaBr3I3 at 40 K are shown in Fig. 6.3 and Fig. 6.4. In the PL excitation
spectra of both extrinsic and intrinsic Cs2NaLaBr3I3, an isolated Gaussian shape
excitation band is observed from 250 nm (4.96 eV) to 280 (4.43 eV) nm in Fig.
6.3 (a) and (b). This excitation band is much stronger in intrinsic Cs2NaLaBr3I3. It
is ascribed to exciton excitation band, in which the electrons and holes are
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created, while the electron is still bonded to the hole and forms an electron-hole
pair [112]. Therefore, the electron is not free to move and has not reached the
conduction band. The exciton band can also be retrieved from the optical
absorption/transmittance spectra, which is the onset of the fundamental
absorption edge which has been verified in our previous study [44]. The broad
excitation band from 310 nm to 405 nm can be assigned to the splitting of Ce3+
5d states.
In the emission spectra of Cs2NaLaBr3I3: Ce in Fig. 6.4 (a), the splitting of
Ce-5d levels is well resolved. The intense 420 nm and 460 nm emission peaks
are attributed to the transition from Ce3+ 5d state to the split ground state of
4f(2F5/2) and 4f(2F7/2). They are observed when the excitation falls in the Ce3+
excitation band (~ 310- 405 nm). However, when excited with 275 nm, the
emission peak becomes broader with longer wavelength (black square curve),
though the Ce3+ 4f-splitting feature can still be seen. We tentatively assigned this
emission as a combination of self-trapped exciton (STE) emission and Ce3+
emission. The PL decay will be elaborated to verify this claim later in this work. In
the intrinsic Cs2NaLaBr3I3 as shown in Fig. 6.4 (b), the Ce3+ emission is also
observed at 420 nm and 460 nm. This is probably due to the trace amount of Ce
contamination in the sample, even though ICP-OES did not detect any Ce3+ ions
(detection limit: 1 ppm). When excited, the nominal intrinsic Cs2NaLaBr3I3 at 275
nm, the emission is broad, and no resolved Ce3+ emission is observed comparing
with the extrinsic compound. This indicates the STE emission dominates in the
intrinsic samples and can be suppressed with Ce3+ appearance.
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Figure 6.2. RL spectra comparison of intrinsic and extrinsic samples of
Cs2NaLaBr3I3 (a) and Cs2NaYBr3I3 (b). The data is normalized to the peak.
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Figure 6.3. PL excitation spectra of Cs2NaLaBr3I3: 5% Ce (a) intrinsic
Cs2NaLaBr3I3 (b) at 40 K. Both spectra are normalized to the maximum peak.
Excitation spectra are monitored at various emission wavelengths. The
highlighted region from 250 nm to 280 nm indicates the strong exciton excitation
band in intrinsic samples.
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Figure 6.4. PL emission spectra of Cs2NaLaBr3I3: 5% Ce (a) intrinsic
Cs2NaLaBr3I3 (b) at 40 K. Both spectra are normalized to the maximum peak.
The emission spectra are integrated at different excitation wavelength from 350
nm to 550 nm (c). The intrinsic sample gives strong emission intensity under the
exciton excitation at shorter wavelength.
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Figure 6.5. PL excitation spectra of Cs2NaYBr3I3: 5% Ce (a) intrinsic Cs2NaYBr3I3
(b) at 40 K. Both spectra are normalized to the maximum peak.

Their PL integrated emission intensity at different excitation wavelengths
are shown in Fig. 6.4 (c). For the intrinsic sample, the emission intensity is much
more intense when the excitation falls in the exciton excitation band, which also
indicates the STE dominates in the intrinsic samples. In the Ce-doped sample,
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the integrated emission intensity is relative stable with higher value when the
excitation falls in the Ce3+ 4f-5d excitation band.

Figure 6.6. PL emission spectra of Cs2NaYBr3I3: 5% Ce (a) intrinsic Cs2NaYBr3I3
(b) at 40 K.

Similar behaviors were also observed in extrinsic and intrinsic
Cs2NaYBr3I3, as shown in Fig. 6.5 and Fig. 6.6. In the excitation spectra in Fig.
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6.5, the long wavelength excitation bandwidth of the Ce-doped sample is larger
than the intrinsic sample. The feature of exciton excitation band is observed in
both samples. In the emission spectra of intrinsic Cs2NaYBr3I3, when excited with
shorter wavelength of 273 nm, a distinct broader long wavelength emission peak
occurs, comparing with the well-defined Ce-doped emission.

Figure 6.7. PL excitation (a) and emission (b) spectra of intrinsic Cs2NaYBr3I3 at
RT.
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Fig. 6.7 shows the intrinsic Cs2NaYBr3I3 PL spectra at RT for comparison.
Different from the 40 K excitation spectra, the short wavelength exciton excitation
band (250- 280 nm) is enhanced with elevated temperature compared with Ce3+
excitation band (330- 410 nm). Based on the emission spectra in Fig. 6.7,
apparently the STE-induced broad emission from 320 nm to 550 nm has not yet
quenched at RT. On the other hand, the Ce3+ excitation band and the broad STE
emission peak overlap and can result in radiative transfer from STE to Ce3+, i.e.,
the STE emission can be re-absorbed, and the electrons and holes recombine at
the Ce3+ site and emit photons [36].
PL Decay
The PL decay time of both extrinsic and intrinsic Cs2NaLaBr3I3 and
Cs2NaYBr3I3 were recorded in Fig. 6.8 and 6.9. For extrinsic Cs2NaLaBr3I3 and
Cs2NaYBr3I3, the exciton excitation wavelengths of 295 nm, and the Ce3+
excitation wavelength of 370 nm were chosen, in order to monitor the emissions
from STE and Ce3+, respectively. From the PL spectra in Fig. 6.3 to Fig. 6.6, one
can see the STE and Ce3+ emission have broad overlap between 320 nm and
550 nm, therefore the emission of 420 nm was monitored. For intrinsic
Cs2NaLaBr3I3 and Cs2NaYBr3I3, unfortunately, when using an airtight sample
holder on the cryogenic station for low temperature measurement, the emission
is too weak to observe when excited with 295 nm. Instead, the RT PL decay
curves are shown here to illustrate the kinetics of exciton-excitation induced
emission. The instrumental response decay curve is also plotted for reference.
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Figure 6.8. PL decay of Cs2NaLaBr3I3: 5% Ce at 40 K (a): the emission at 420
nm was monitored with excitation wavelengths of 295 nm, 333 nm, and 370 nm.
The instrumental response is measured to be less than 1 ns. The PL decay
curves are fitted with single decay exponential function. PL decay of intrinsic
Cs2NaLaBr3I3 at 40 K (b), and at RT (c). The emission at 420 nm was monitored
with excitation wavelengths of 295 nm and 370 nm. The emission cannot be
detected with 295 nm excitation in the 40 K measurement because the cryogenic
sample holder blocked the weak emission.
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Figure 6.9. PL decay of Cs2NaYBr3I3: 2% Ce at 40 K (a): the emission at 420 nm
was monitored with excitation wavelengths of 295 nm, 333 nm, and 370 nm. The
PL decay curves are fitted with single decay exponential function. PL decay of
intrinsic Cs2NaYBr3I3 at 40 K (b), and at RT (c). The emission at 420 nm was
monitored with excitation wavelengths of 295 nm and 370 nm. The emission
cannot be detected with 295 nm excitation in the 40 K measurement because the
cryogenic sample holder blocked the weak emission.
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In Fig. 6.8 (a) and Fig. 6.9 (a), for both extrinsic Cs2NaLaBr3I3 and
Cs2NaYBr3I3 at 40 K, when excited with 333 nm and 370 nm, the PL decay time
is around 30 ns. Both of the excitation wavelengths belong to the Ce3+ excitation
band, therefore, the PL decay can be ascribed to the Ce3+ characteristic 5d-4f
transition. When excited with 295 nm, which falls into the exciton excitation band,
the PL decay monitored at 420 nm is also around 30 ns. However, it is clearly
seen that the 295 nm-excited emission is much nosier than the 370 nm-excited
emission. This indicates in the extrinsic samples, direct excitation at Ce3+
excitation band is preferred over STE excitation.
On the other hand, the PL decay of intrinsic samples behaves quite
differently from extrinsic samples, as shown in Fig. 6.8 (b-c) and Fig. 6.9 (b-c).
When excited with 370 nm and monitored at 420 nm, both Cs2NaLaBr3I3 and
Cs2NaYBr3I3 show the characteristic fast Ce3+ decay of 30 ns due to the trace
amount of Ce3+ in the nominal intrinsic samples. When monitored, the 420 nm
emission with 295 nm excitation, which belongs to the exciton-excitation band,
the long decay time above 1 µs is observed. It is readily ascribed to the STE
decay [19, 37-41].
For the mixed elpasolites, the Ce3+ has a fast PL decay time of around 30
ns, while the STE has a longer decay time above 1 µs. Because of the
domination of Ce3+ in the emission only in the intrinsic sample, the STE decay
can be recorded distinctively. This is an evidence that there is competition
between STE and Ce3+ in the scintillation process: 1) The STE transfers its
energy to Ce3+ radiatively, which means Ce3+ is re-absorbing the emission from
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STE. In this case, the decay time of Ce3+ emission should be equivalent to the
decay time of STE. 2) The STE transfers its energy to Ce3+ non-radiatively by
thermal activated diffusion. In this case, one would expect an increase of Ce3+
emission as temperature increases.
Scintillation Decay
The scintillation decay between intrinsic and extrinsic samples at RT is
compared in Fig. 6.10 (a) and (b). The decay curves of extrinsic and intrinsic
Cs2NaLaBr3I3 and Cs2NaYBr3I3 were fitted with three and two exponential decay
functions, respectively. The decay time and the ratio are shown in the inset
tables.
The fast decay component below 100 ns is a characteristic of Ce3+ deexcitation process, and it is the major contribution in both extrinsic Cs2NaLaBr3I3
and Cs2NaYBr3I3. It is clearly seen that the fast decay component is absent in the
intrinsic samples. Instead, the slow decay component around 1 µs contributes to
more than 80% of the total emission in the intrinsic samples. Interestingly, in both
intrinsic and extrinsic samples, this microsecond slow decay component is
observed and ascribed to STE. Combes et al. [98] and van’t Spijker et al. [114]
suggested in the halide elpasolites, after the creation of free electrons in the
conduction band and free holes in the valence band, self-trapped holes are
created, i.e. Vk center. The formation of Vk center is common in halides due to
the localized valence band sates and their soft lattice [115, 174]. The self-trapped
holes can trap free electrons to form self-trapped excitons, which will result in
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STE emission. The STE is thermally activated and can be quenched with
elevated temperature. In most elpasolite, the STE can be formed at RT [37-38,
40, 98, 112-113].

Figure 6.10. Scintillation decay profiles of intrinsic and extrinsic samples of
Cs2NaLaBr3I3 (a) and Cs2NaYBr3I3 (b). The extrinsic decay curves are fitted with
three decay exponential function, and the intrinsic decay curves are fitted with
two decay exponential function. The fitted curves are shown in solid lines with
grey color.

The intermediate decay component of several hundreds nanosecond is
observed in both intrinsic and extrinsic samples. However, this decay component
is not observed in the PL decay measurement. It is not likely to be the direct deexcitation of Ce3+. Comparing other many other Ce3+ doped elpasolite, this
intermediate decay component is commonly seen RT [37-38, 40, 98, 112-113],
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yet no clear origin has been given at this point. One possible reason can be
related to the de-trapped electrons from shallow traps.
Scintillation Light Yield
The pulse height spectra of both intrinsic and extrinsic Cs2NaLaBr3I3 and
Cs2NaYBr3I3 are shown in Fig. 6.11 (a) and (b). For the extrinsic sample, the Ce
concentration was optimized for best energy resolution at 662 keV in previous
work [44]. Table 6.1 the light yield and energy resolution at selected samples.
The intrinsic samples have less light yield, still, the intrinsic mixed
elpasolites have moderate light yield. In fact, the light yield is more than many
other extrinsic scintillators, such as LSO:Ce [116], YAP:Ce [117] etc.

Table 6.1. Light yield and energy resolution comparison
Light yield (ph/MeV)

Energy resolution (662 keV)

Intrinsic Cs2NaLaBr3I3

39,000

6.6%

Cs2NaLaBr3I3: 5%Ce

58,000

2.9%

Intrinsic Cs2NaYBr3I3

40,000

4.3%

Cs2NaYBr3I3: 2%Ce

43,000

3.3%

The shaping time can affect the measured light yield value, as shown in
Fig. 6.11 (c). Compared with intrinsic samples, both extrinsic Cs2NaLaBr3I3 and
Cs2NaYBr3I3 samples are less affected by reduced shaping time. When the
shaping time is reduced below 3 us, the light yield of intrinsic samples drops
tremendously. This indicates one or several slow decay components contribute
to the light emission in the intrinsic samples.
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Figure 6.11. Gamma ray pulsed height spectra of intrinsic and extrinsic samples
of Cs2NaLaBr3I3 (a) and Cs2NaYBr3I3 (b). The photopeak at 662 keV is
highlighted to better illustrate the position. Cs-137 source was used. The shaping
time effect on the light yield of both intrinsic and extrinsic samples is shown in (c).
The light yield is represented by the photopeak position in Y-axis. Shaping times
of 0.5 µs, 1 µs, 2 µs, 3 µs, 6 µs, and 10 µs are compared as in X-axis. All data
point is normalized to the photopeak peak position at 10 µs.
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Band Structure
The valence band of the rare-earth elpasolites studied here is made up of
halogen p states while the conduction band is derived from the rare-earth d
states. The band structures of Cs2NaLaBr6 and Cs2NaYBr6 are shown in Fig. 12.
Both valence and conduction bands are narrow, having small dispersion. Narrow
valence bands are typical for halides.
However, the narrow conduction band is unusual and is related to the
structure and chemistry of elpasolites [118-119]. In rare-earth elpasolites, such as
Cs2NaYBr6, the rare-earth cation is much more electronegative than the alkali
metal cations and, as a result, the conduction band is mainly a rare-earth d band,
which is separated in energy from the alkali metal s band. The large nearestneighbor distance between the rare-earth cations leads to weak coupling
between the rare-earth d orbitals and consequently a very narrow conduction
band as seen in Fig. 12 (a) and (b).
The calculated band gaps of Cs2NaLaBr6 and Cs2NaYBr6 are 6.31 eV and
6.25 eV. Mixing bromides with iodides in 1:1 ratio reduces the band gaps to 5.41
eV and 5.15 eV for Cs2NaLaBr3I3 and Cs2NaYBr3I3, in good agreement with
experimentally measured band gaps of 4.92 eV and 4.87 eV, respectively. Pure
iodides (i.e. Cs2NaLaI6 and Cs2NaYI6) have not been synthesized. We optimized
the lattice constants of Cs2NaLaI6 and Cs2NaYI6 in cubic structures and
calculated the band gaps. Note that the structures of iodides are not likely to be
cubic. The purpose of the calculations is to have a rough idea of the band gaps
of iodides. The calculated band gaps of the hypothetical cubic Cs2NaLaI6 and
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Cs2NaYI6 are 5.02 eV and 4.93 eV, respectively.

It, therefore, appears that

mixing bromides and iodides in 1:1 ratio reduces the band gaps of the alloys
substantially from those of bromides to very close to those of iodides. The
substantial reduction of the band gap by alloying leads to significant increase in
light yield as observed experimentally.

Figure 6.12. Band structure of Cs2NaLaBr6 (a) and Cs2NaYBr6 (b). Density of
States (DOS) of Cs2NaYBr6.

The narrow valence and conduction bands favor the self-trapping of both
holes and electrons, forming small hole and electron polarons. The calculated
binding energies of small hole and electron polarons and STEs in Cs2NaLaBr6
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and Cs2NaYBr6 are shown in Table 6.2. Note that the binding energy of a STE is
calculated relative to the energies of small hole and electron polarons. The large
binding energies shown in Table 6.2 show that STEs are stable at room
temperature and should survive at even higher temperatures. Therefore, STE
emission should be observed at room temperature. The energy transfer in these
elpasolites is due to hopping of localized STEs, not to the diffusion of free
carriers. Therefore, the electron transfer is inefficient, which leads to relatively
slow scintillation decay as also observed experimentally.
Mixing bromides with iodides is expected to reduce the small hole binding
energy and the STE binding energy, resulting in faster energy transfer *.
Table 6.2. Calculated binding energies (in eV) of small hole and electron
polarons and STE in Cs2NaLaBr6 and Cs2NaYBr6.
Hole polaron

Electron polaron

STE

Cs2NaLaBr6

0.63

0.47

0.42

Cs2NaYBr6

0.51

0.39

0.36

6.5 Discussions
An energy diagram of Cs2NaLaBr3I3: Ce and Cs2NaYBr3I3: Ce is plotted in
Fig. 6.13 based on the well-resolved PL excitation spectra and temperature
dependent PL decay time of Ce3+ [119]. It is found the thermalization energy from
5d1 to the bottom of conduction band is more than 1 eV in both compounds. This
could be potentially filled with electron traps. The trapped electrons can then be
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de-trapped thermally in a period of time. Afterwards, the de-trapped electron can
recombine with a hole at Ce3+. This delayed process may cause the intermediate
scintillation decay (a few hundreds nanosecond). Further experiment such as
thermoluminescence is necessary to calculate the lifetime of electron traps, thus
correlates to the intermediate scintillation decay time.

Figure 6.13. Energy diagram of Cs2NaLaBr3I3 and Cs2NaYBr3I3 at 40 K.

Based on the PL decay and scintillation decay results, three scintillation
mechanisms are proposed in the mixed elpasolites, as shown in Fig. 6.14.
Fast emission: After initial ionization of free holes and electrons, the Ce3+
luminescence centers continuously capture electrons from conduction band and
holes from valence band, then de-excited with a photon emission.
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Intermediate emission: Different depth of traps can trap electrons during
the electron thermalization state. The trapped electrons can be de-trapped
thermally.
Slow emission: After creation of a hole, it can be trapped by two anions in
the valence band, and form a Vk center. The Vk center can trap a free electron
and form a self-trapped exciton (STE) and emit photons. The photon can escape
from the crystal surface, or re-absorbed by Ce3+ (radiatively). The STE can also
migrate to the Ce3+ site and transfers its energy to the Ce3+ (non-radiatively).

Figure 6.14. Diagram of three different scintillation decay process in the mixed
elpasolite scintillators.

6.6 Conclusions
The spectroscopic analysis and scintillation properties of intrinsic and
extrinsic (Ce-doped) Cs2NaYBr3I3 and Cs2NaLaBr3I3 mixed elpasolite are
compared. At RT, the intrinsic Cs2NaLaBr3I3 and Cs2NaYBr3I3 have moderate
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light yield of 39,000 ph/MeV and 40,000 ph/MeV, respectively. They have less
light yield than the extrinsic samples. The photoluminescence excitation/emission
spectra indicate the exciton excitation band is below the optical absorption edge,
and results in a broad STE emission, which overlaps with the Ce3+ emission. The
photoluminescence decay time of the STE is above 1 µs compared with 30 ns
decay time of Ce3+ 5d-4f transition. First principle calculation was performed on
Cs2NaLaBr6 and Cs2NaYBr6. The band structure of both compounds show small
dispersive conduction band, which can lead to stable electron polarons at RT.
The large bind energy of STE suggests stable STE at RT. Mixing less
electronegative iodine with bromine can effectively reduce the STE bind energy
and improve the energy transfer efficiency from STE to free charger carriers.
Mixing-anions of halide scintillators can be an effective approach to
improve the scintillation performance.
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CHAPTER 7

SUMMARY AND OUTLOOK
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7.1 Raw Materials Treatment and Single Crystal Growth
Metal halides are hygroscopic, therefore comprehensive procedures of
materials storing, loading, drying are developed. The raw materials are stored in
a dry glove box with oxygen/moisture monitoring sensor. The raw materials are
loaded into a dry clean quartz ampoule in the glove box, and then transferred to
vacuum station, the vacuum is maintained at 1*10-6 torr. During the evacuation,
the materials are baked by a vertical clamshell furnace at 150-200 °C for 8-24
hours. This step can minimize the moisture and residual gas in the materials.
Then the ampoule is sealed with a hydrogen/oxygen torch under vacuum.
Multiple alternative directional (MAD) mixing method is developed to help
mixing the materials during melt-synthesis. The raw materials are melted 2-4
times in the furnace by turning the direction of the ampoule up side down. It is
proven the method works efficiently on the ternary and quaternary compounds
presented in this work.
The fast melt-freeze synthesized polycrystalline specimen is characterized
to screen the most promising scintillators, as well as the optimal dopant
concentrations. The promising candidate is grown into single crystal in a high
temperature furnace with vertical thermal gradient. The mixed materials are
loaded into a fused quartz ampoule with a capillary tip, which can help single
grain nucleation during growth.
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7.2 Discovery and Characterization of Ternary Halides
Ce-doped

Cs3LaCl6

and

Cs3LaBr6 are

discovered

as

promising

scintillators. Up to 0.5 inch single crystals of Cs3LaCl6:Ce and Cs3LaBr6:Ce are
successfully obtained. Their gamma ray light yield is between 20,00-35,000
ph/MeV depending on the Ce concentration. The major scintillation decay
component is around 50 ns, and a slow decay component of hundreds
nanoseconds. The scintillation decay time is shortened with higher Ce
concentration, and this is due to the increased transfer rate from host to Ce3+.
The emission wavelength matches the PMT’s sensitive range, which is preferred
for efficient photon counting. Cs3LaCl6:Ce is less hygroscopic than NaI(Tl), which
means its performance is less affected by moisture-induced degradation. The
hygroscopicity of Cs3LaBr6:Ce is in between NaI(Tl) and LaBr3:Ce.
The

temperature

dependent

photoluminescence

and

scintillation

behaviors of Ce-doped and undoped Cs3LaCl6 and Cs3LaBr6 are studied. The
Ce-doped Cs3LaCl6 and Cs3LaBr6 show small amount of variation in terms of PL
and RL emission intensity at different temperatures. The overall PL and RL
emission intensity change is less than 30% in a wide range from 40 K to 500 K.
The PL decay time increases with temperature. The thermal quenching point has
yet reached up to 500 K for Ce-doped compounds. As comparison, the emission
intensity of undoped samples decreases dramatically as temperature increases.
The thermal stability in terms of emission intensity can be attributed to the
large bandgap of these compounds, and the competition between Ce3+ and STE
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emission. The energy transfer from STE to Ce3+ is enhanced by temperature, at
the expense of STE emission.
The excellent thermal stability of Ce-doped Cs3LaCl6 and Cs3LaBr6 allow
them to be used in high temperature radiation detection applications.

7.3 Discovery and Scintillation Mechanism of Mixed-anion
Elpasolites Crystals
Series of mixed-anion elpasolite scintillators are discovered. Among them,
two of the most promising scintillators Ce-doped Cs2NaLaBr3I3 and Cs2NaYBr3I3
are studied in depth. Up to 0.5 inch single crystals of Cs2NaLaBr3I3 and
Cs2NaYBr3I3 with various Ce concentrations are grown by 24-zone and 2-zone
Bridgman furnaces. Following the raw materials handling procedures, especially
for these mixed quaternary compounds, MAD mixing is useful for uniform mixing.
The fused quartz fritted ampoule is used to further purify the materials during
melting. The crystal structure of Cs2NaLaBr3I3 and Cs2NaYBr3I3 are tetragonal
and cubic, respectively. Therefore they are easy to scale up without suffering
from severe thermal-stress induced cracks during the cooling process, which is
desired in industrial large scale crystal growth.
The idea of mixing anion of the elpasolite is based on three facts: 1) Iodide
compounds have smaller bandgap and have higher energy transportation
efficiency compared with fluoride, chloride, and bromide. 2) Pure iodide elpasolite
can hardly form a symmetric lattice structure according to Goldsmiths factor, and
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also, they undergo multiple phase transitions and fail to produce single-phase
compound. 3) The cost of raw tri-valence iodide LaI3 and YI3 is exceedingly high
regardless of their low purity (99.9%), this could economically eliminate the
scintillators’ applications. Therefore, the iodine is partially substituted by bromine
and form mixed-anion elpasolite. The iodide comes from CsI and NaI, which
have high purity and low price, and the bromide comes from LaBr3 or YBr3.
Scintillation and optical properties of Ce-doped and intrinsic Cs2NaLaBr3I3
and Cs2NaYBr3I3 are studied. The gamma ray light yield of Ce-doped
Cs2NaLaBr3I3 and Cs2NaYBr3I3 are 58,000 ph/MeV and 43,000 ph/MeV,
respectively. The best energy resolutions achieved at 662 keV are 2.9% and
3.3%, which are considered to be some of the best energy resolutions reported in
halide scintillators. The scintillation decay of the Ce-doped mixed-anion elpasolite
is consisted of three components: 1) Fast decay below 100 ns - it is due to the
direct Ce3+ capture of free electrons and holes. 2) Intermediate decay of several
hundreds of nanoseconds - it is likely due to the charge transfer from host to
traps, and then release to luminescence center Ce3+. 3) Slow decay of a few
microseconds - it can be ascribed to the self-trapped exciton (STE) emission.
The low temperature excitation/emission spectra of Cs2NaLaBr3I3:Ce and
Cs2NaYBr3I3:Ce are analyzed. It is shown the energy distance between the
bottom of the conduction band and 5d1 level of Ce3+ is above 1 eV, this indicates
the scintillators have potential to be used at elevated temperature without
quenching.
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The intrinsic mixed-anion elpasolite crystals also have scintillation
response. Inductively coupled plasma atomic emission spectroscopy (ICP-OES)
has verified the possible Ce3+ concentration in these intrinsic crystals is below
detection limit (1 ppm). The origin of the intrinsic scintillation is investigated
experimentally and theoretically. The average of light yield of the intrinsic
Cs2NaLaBrxI(6-x) and Cs2NaYBrxI(6-x) (0<x<6) are between 20,000 and 40,000
ph/MeV. The fast scintillation decay component due to Ce3+ direct capture is
absent. Instead, the slow decay component contributes more than 80% of the
total emission. Both the photoluminescence and radioluminescence emission
spectra of these intrinsic crystals are broad from 300 nm to 600 nm. The low
temperature photoluminescence excitation spectra indicate the exciton excitation
band is slight below the bottom of the conduction band. The photoluminescence
decay time of the exciton-excited emission is as long as 1 µs, which is another
evidence of STE emission decay.
The calculated binding energies of small hole and electron polarons and
STE are performed on bromide elpasolites. The results show that STE is stable
at room temperature, therefore it can be observed at room temperature. The
energy transfer in these elpasolites is due to hopping of localized STE, not to the
diffusion of free carriers. Therefore, the electron transfer is inefficient, which
leads to relatively slow scintillation decay as also observed experimentally.
Because of the randomness of the mixed-anion in the lattice structure, a precise
calculation on mixed compound is not available. However, mixing bromides with
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iodides is expected to reduce the small hole binding energy and the STE binding
energy, resulting in faster energy transfer.

7.4 Outlook
A few selected complex metal halide scintillators in the ternary and
quaternary systems are investigated in this work. Other than these compounds,
many other existed halide compounds could serve as scintillator matrix, or even
scintillators themselves. Meyer [29] reviewed thousands of metal halide
compounds, but only a small portion of them has been explored. It is worthwhile
to look through the existed compounds for future discovery. Also, proper tuning
on the stoichiometry may result in new compounds, one approach could be
mixing anions and cations [78, 88].
Optimization and development of current scintillators are necessary as
well. For example, dopant concentrations can affect the crystal structure, optical,
and scintillation properties [120-121]. Growth of un-cracked large scale (>1 inch
in diameter) crystal is highly desired from a practical point of view. The proper
furnace maneuver, raw materials purification, ampoule design, heating/cooling
rate, translation rate, crystal cutting/polishing need to be considered.
Further investigations on the scintillation mechanisms are important in
order to understand the scintillation process, and advise scintillator development.
For instance, one can engineer the scintillator by diminishing or encouraging the
traps if the role of traps in the scintillation process is known. The energy
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resolution could be improved if the cause of non-proportionality and nonhomogeneity

can

be

revealed.

Particularly

for

mixed-anion

elpasolite,

understanding the interaction between the multiple ions during the radiation
migration is important, in order to evaluate the anion mixing method.
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Metal halide compounds are among the best scintillators, although most of
them suffer from sensitivity to both moisture and and oxygen [A1-A5], which can
deteriorate their scintillation performance. The moisture sensitivity property is
defined as hygroscopicity. Hermetic packaging is required, thereby increasing the
complexity and cost of the detector. Therefore, providing an efficient method to
reduce the moisture sensitivity of the scintillation material can decrease the cost
as well as expand the scope of potential applications [A6].
During this dissertation work on new metal halide scintillators, efforts are
made to study the moisture absorption behavior, as well as provide solutions to
decrease

the

hygroscopicity.

The

observation

and

evaluation

of

the

hygroscopicity are performed on a large group of metal halide scintillators.
Besides, cation co-doping and anion mixing are purposed as two efficient ways
to reduce the hygroscopicity on two sets of materials: CsSrI3 and CeBr3,
respectively. These work have been published in [A6-A8]. The results and
conclusions presented here are exerts from these publications.

A.1 Hygroscopicity Observation and Evaluation
A large group of metal halide samples are collected. They are in single
crystalline or polycrystalline. The samples were prepared by Scintillation
Materials Research Center (SMRC) at the University of Tennessee, Radiation
Monitoring Devices, Inc., Oak Ridge National Laboratory, and Fisk University.
Single crystals were grown in quartz ampoules by either the Bridgman method or
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the Vertical Gradient Freeze technique. Polycrystalline samples are synthesized
in a similar manner by melting and rapidly freezing the melt mixture.
A.1.1 Time-lapse Photography of Sample Degradation
The physical degradation of the scintillator crystals was monitored via
time-lapse photography. Pictures of bare scintillator crystals (~1-2 mm thick,
polished) were taken before and after the 60-minutes exposure to the ambient
atmosphere. A Nikon D5000 camera with a Nikon Macro 50 mm lens was used.
Six common metal halide scintillators including BaI2:Eu, LaBr3:Ce.
BaBrI:Eu, CaI2, Cs2LiYCl6:Ce, and SrI2:Eu are studied. Fig. A.1 shows the
physical change of these crystals after exposing to air. In all six samples,
degradations are observed. The degradation can be grouped into two categories:
forming a transparent liquid layer, and an opaque layer, as shown in Table A.1.

Figure A.1. Photographs of bare crystals taken before and after exposure to the
ambient air.
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Table A.1. Surface appearance of crystals after 60 minutes of exposure
White opaque layer

Transparent liquid layer

SrI2:Eu, BaI2:Eu, Cs2LiYCl6:Ce, NaI:Tl,

LaBr3:Ce,

CsSrI3:Eu, Cs3LaCl6:Ce, Cs3LaBr6:Ce,

CeBr3,

CsBa2I5:Eu, KSr2I5:Eu

BaBrI:Eu

A.1.2 Microscopic Study of Sample Degradation
Scanning Electron Microscopy (SEM) images were recorded using a
Hitachi S3400 N microscope. A specially designed vacuum-tight holder [A9] was
used to protect the samples during transfer to the SEM instrument, as shown in
Fig. A.2. Samples were intentionally exposed to an ambient atmosphere for
various periods of time (from tens of seconds to days) in order to enhance the
reactions with moisture.

Figure A.2. Airtight sample holder for SEM measurement.
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The

fresh

and

exposed

samples

of

selected

scintillators

were

characterized under SEM, including NaI:Tl, CaI2, SrI2:Eu, CsI:Tl, and
Cs2LiYCl6:Ce.
Fig. A.3 and Fig. A.4 show the microscopic surface morphology of fresh
and 24h exposed NaI:Tl samples. The fresh NaI:Tl has no featured structure
developed. After exposure, the “column-looking” structures are formed. It is
assumed after the exposure to moisture, and re-evacuate in the SEM chamber,
large amount of polycrystalline NaI:Tl can be reformed instead of a single
crystalline.
Similarly to NaI:Tl, the fresh SrI2:Eu has featureless smooth surface, as
shown in Fig. A.5. The roughness of the exposed sample increases dramatically.
The “column-looking” structures develop, and severe cracks on the surface are
observed, as shown with the 500X magnitude photo in Fig. A.6.
CaI2 crystal has intrinsic layered structure. Therefore even on the fresh
sample, layered structure can be observed clearly, along with numerous small
cracks on the surface, as shown in Fig. A.7. After exposure, these cracks develop
as shown Fig. A.8.
Fresh CsI sample is flat, except for the grave from cutting wire saw when
preparing samples, as shown in Fig. A.9. The exposed CsI does not show a huge
change compared with the fresh sample, as shown in Fig. A.10. This can be
explained by the robustness of CsI to moisture degradation, which will be
discussed in next section.
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Figure A.3. Fresh NaI:Tl sample under SEM with different magnifications.

Figure

A.4.

Exposed

(24h)

NaI:Tl

sample

magnifications.
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under

SEM

with

different

Figure A.5. Fresh SrI2:Eu sample under SEM with different magnifications.

Figure A.6. Exposed (18h) SrI2:Eu sample under SEM with different
magnifications.
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Figure A.7. Fresh CaI2 sample under SEM with different magnifications.

Figure A.8. Exposed (24h) CaI2 sample under SEM with different magnifications.
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Figure A.9. Fresh CsI sample under SEM with different magnifications.

Figure A.10. Exposed (24h) CsI sample under SEM with different magnifications.

The fresh and exposed Cs2LiYCl6:Ce samples are shown in Fig. A.11,
A.12, and A.13. Interestingly, the fresh sample surface is rough, with numerous
“particles” on it. Since the sample is naturally peeled off without using wire saw or
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polishing sand paper, it is not likely from the wire saw or sand paper. There are
greyish sections and black sections, which indicate there are at least two phases
responding differently to the electron beam.
After exposure in moisture, the multiple phases’ separation is enhanced.
Greyish particles are embedded on the surface matrix. When zoom in on these
particles, parallel cracks are observed. The black parts on the surface have
similar rectangular shape, as shown in bottom right of Fig. A.12. Other than
these features, there are “branches-needles” structures on the surface as well,
as shown in Fig. A.13. The origin of these features is not clear at this point, one
thing need to notice is that Cs2LiYCl6 is not a congruently melting compound,
unlike other compounds studied in this work.

Figure

A.11.

Fresh

Cs2LiYCl6:Ce

sample

magnifications.
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under

SEM

with

different

Figure A.12. Exposed (24h) Cs2LiYCl6:Ce sample under SEM with different
magnifications.

Figure A.13. Exposed (24h) Cs2LiYCl6:Ce sample under SEM with high
magnifications.
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A.1.3 Moisture Absorption Measurement
Dynamic Vapor Sorption (DVS) technique is used to measure the
hygroscopicity, as described in Chapter 2.2.2. A detailed sample preparation and
measurement procedure for these series of measurement is as below:
1) All samples are both melt-solidified under vacuum (< 10-4 torr), in a form
of uniform single piece (raw materials), or single crystal piece cut and polished
from a grown boule.
2) All handling are processed in dry glove box, the O2 and H2O level is
less than 1 ppm.

No heat treatment on the samples after solidification.

3) All grown crystal samples are wiped with dry Kimwipe, and then dipped
into cyclohexane for 30 seconds to clean off the residual mineral oil, which is
from the cutting process.
4) All measured samples are shaped with identical surface area, for most
samples quasi-spherical shape is maintained. (Exception: CaI2 is severely
layered, a layered sample with same surface area was measured).
5) The surface area of the spherical sample is 28±2 mm2, in terms of
diameter is 3±0.1 mm. For layered sample, the geometry of 2 mm*2 mm*6.5 mm
is maintained. ±10 % error is allowed due to limited precision of the manual work.
6) A set of clean tweezers and knives are used to shape the quasispherical samples.
7) The samples are stored in an airtight glass jar during the transportation
to DVS.
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8) The temperature of the DVS testing chamber is 25 ˚C during the whole
measurement.
9) Relative humidity is 40% during the measurement. The total
measurement is 60 minutes. The weight is recorded every 5 seconds.
10) The airtight sample chamber of DVS is set to 90% RH for 10 minutes
to reduce static electricity. The humidity of the chamber is then set to 40% RH
before tarring the balance.
11) Quickly open the lid of the chamber, then use clean and dry tweezers
to put the sample in the aluminum weighing pan, least vibration and attachment
should be made during this process.
12) Quickly close the lid of the chamber, wait for 1 minute for the weighing
pan to stabilize, and then start recording the data.
13) After 1-hour measurement, the weight pan should be cleaned with diwater and acetone respectively, and dried with natural air. The drying normally
takes up to 20 minutes.
The moisture absorption curves of 18 different raw materials are
measured, as shown in Fig. A.14. These 18 raw materials are normally used to
synthesize complex scintillator compounds. 16 scintillator samples are measured
as well, they are provided by different labs/companies. Each of the measurement
is repeated twice to minimize the uncertainty.
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Figure A.14. Moisture absorption curves of 18 different raw materials.
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Figure A.15. Moisture absorption curves of 16 different scintillator materials.

174

A.2 Hygroscopicity Reduction
A.2.1 Hygroscopicity Reduction of CsSrI3:Eu
CsSrI3:Eu is a promising scintillator with light yield as high as 73,000
ph/MeV. However it suffers from strong hygroscopicity and degradation. Since
the raw material of BaI2 is much less hygroscopic than SrI2 as shown in Fig. A.
14, we partially replace Sr2+ with Ba2+, and form the new composition: CsSr1xBaxI3:

Eu (0 ≤ x ≤ 1). They have good scintillation properties with limited amount

of Ba substitution, and also have significantly decreased hygroscopicity.
Table A.2 shows the scintillation properties of five Ba-substituted samples
of CsSr1-xBaxI3: 1% Eu. When the Ba substitution ratio is below 24%, the
scintillation light yield varies between 22,000 and 28,000 ph/MeV. The
scintillation decay time is slightly longer with more Ba substitution, and the
radioluminescence emission peak shifts to longer wavelength.
The hygroscopicity of CsSr1-xBaxI3: 1% Eu is shown in Fig. A.16. NaI(Tl)
and LaBr3:Ce are used for reference purpose. With higher Ba substitution, the
hygroscopicity of the sample is greatly reduced.

Table A.2. Scintillation properties tables of CsSr1-xBaxI3: Eu
CsSr1-xBaxI3: Eu

x=0.03

x=0.06

x=0.09

x=0.14

x=0.24

Light yield

28,000

26,130

23,910

22,100

N/A

Decay time (µs)

1.8

1.8

2.0

2.0

2.1

Emission peak (nm)

449

448

448

445

450

(photon/MeV)
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Figure A.16. Hygroscopicity of CsSr1-xBaxI3 is measured by weight change rate,
which is represented by b. The larger value of b means the sample absorbs
moisture and degrades faster than sample with smaller b.

A.2.2 Hygroscopicity Reduction of CeBr3
CeBr3 is a fast and efficient scintillator, with primary decay time of ~20 ns,
and light yield of ~60,000 ph/MeV. However, it is highly hygroscopic, which limits
its applications. We present a study of mixed halide single crystal scintillators
with the general formula CeBr3-xClx, where 0≤ x≤ 3, in order to reduce the
hygroscopicity, as well as improve or maintain the scintillation properties.
The scintillation properties of three different CeBr3-xClx are compared with
the two ending compounds CeBr3 and CeCl3. Under X-ray irradiation, the peak
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emission ranges between 350 and 450 nm. The absolute light yield ranges
between 44,000 and 60,000 ph/MeV with

137

Cs gamma-ray irradiation. The

energy resolution at 662 keV is between 4.6% and 5.0%. The major scintillation
decay time is less than 17 ns, and slightly increases with higher chlorine to
bromide ratio. The summaries are shown in Table A.3.
A hygroscopicity study performed on DVS shows that higher chlorine
content can greatly decrease the hygroscopicity, as shown in Fig. A.17.

Figure A.17. Hygroscopicity comparison of all five samples of CeBr3-xClx. NaI is
measured as reference. The inset represents the weight gain versus Cl:Br ratio in
a 60 minute measurement.
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Table A.3. Basic scintillation properties of mixed CeBr3-xClx
Crystal

Emission

Light yield

Energy

Decay

(nm)

(Photon/MeV)

Resolution

(ns)

CeBr3

371, 392

59,000

5%

14.3

CeBr2Cl

376, 400

57,900

4.6%

14.8

CeBr1.5Cl1.5

372, 396

56,700

5%

16.9

CeBrCl2

371, 395

48,400

4.7%

16.7

CeCl3

363, 447

43,900

10%

48
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